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Abstract 
An amphiphilic molecule exhibits dual affinity, which can be 
defined from the physico-chemical point of view as a polar-apolar 
affinity. The polar portion exhibits a strong affinity for polar solvents, 
particularly water, and is called hydrophilic part or hydrophile. The 
apolar part is hydrophobe or lipophile. 
The term surfactant is a blend of words "Surface Active Agent", 
which literally means active at surfaces, coined by Antara products in 
1950 [1]. 
A surfactant is a surface active amphiphile that aggregates (self-
assembles) in water or other solvents to form various microstructures 
such as micelles or bilayers.The amphiphile with more or less 
equilibrated hydrophilic and lipophilic tendencies are likely to migrate to 
surfaces or interfaces. Amphiphiles often exhibit other properties besides 
lowering of surface tension. Because of its split personality, an 
amphiphilic molecule doesn't feel 'at ease' in any solvent. 
Micelles are aggregates of amphiphiles above a certain minimum 
concentration in a solution known as critical micelle concentration (cmc). 
McBain [2] and Hartley [3], from their preliminary research work, had 
concluded that micelles are spherical (or roughly spherical) in shape and 
since then a large number of reports have surfaced out. The formation of 
micelles in aqueous solution is viewed as a compromise between the 
tendency for the alkyl chains to avoid energetically unfavorable contacts 
with water, and a desire for the polar parts to maintain contact with the 
aqueous environment. The biological amphiphilic molecules aggregate 
into spherical and nonspherical clusters (vesicles) and biomembranes 
share features with these colloidal systems. 
Surfactants have found wide applications in both industrial and 
domestic fields. These materials have impact on almost all aspects of our 
daily life, either directly in household detergents and personal care 
products or indirectly in the production and processing of materials, 
which surround us. The widespread importance of surfactants in practical 
applications, and scientific interest in their nature and properties, has 
produced a wealth of literature on the subject. 
The unusual properties of aqueous surfactant solutions can be 
ascribed to the presence of a hydrophilic head group and a hydrophobic 
chain in the molecule. The polar or ionic head group usually interacts 
strongly with an aqueous environment, in which case it is solvated via 
dipole-dipole interactions. It is the nature of the head group, which is 
used to divide surfactants into different categories as cationic, anionic, 
nonionic, and zwitterionic. 
An exciting development in the field of surfactant chemistry is the 
emergence of Gemini surfactants in early 1990s. The term Gemini 
surfactant was coined by Menger [4] for surfactant molecules that have 
two hydrophilic (mostly ionic) groups and two tails per surfactant 
molecule linked by a spacer group of varying length. Gemini surfactants 
possess a number of superior properties when compared to conventional 
single-head, single-chain surfactants. 
Bulk of the surfactant applications was dominated by single 
surfactants. However, performance limitations of single surfactants has 
initiated interest in alternate surfactant structures. Interest in developing 
new amphiphiles has diminished as the performance of available 
surfactants could be enhanced by the judicious selection of additives. 
Mixed micellar systems including Geminis and conventional surfactants 
is one remedy and is receiving much attention. Also, from environmental 
perspective, it is highly desirable to select the surfactants from existing 
ones. Most of the studies, however, are made from the perspective of 
synergism or blending effects in surfactant mixtures, as mixing of 
different species of surfactants enhances the performance [4,5]. 
A mixed micelle is an aggregate of surfactant molecules composed 
of different types of surfactants present in solution. Upon mixing, 
properties of surfactants get blended. Such a blending or synergistic 
effect greatly improves many biological, technological, pharmaceutical 
and medicinal formulation, enhanced oil recovery process for the purpose 
of solubilization, suspension, dispersion, etc. [6,7]. Generally, 
structurally similar mixtures show ideal mixing while head group, 
hydrophobic tails and counterion modifications induce significant 
nonideality. 
In this regard, the specific interaction between two components of 
a mixture on their physicochemical properties including the adsorption 
behavior and micellization is of paramount importance. Various 
theoretical models have been proposed to interpret the formulation of 
mixed micelles (composition and interaction parameters) and monolayer 
formation. It has been shown that Gemini surfactants control the 
morphology and micellar growth in water in mixed micelles of Gemini 
and CTAB [8] which are functions of concentrations of surfactant and 
their spacer length. 
The existence of synergism in mixtures containing surfactants 
depends not only on the strength of interaction but also on the relevant 
properties of individual surfactants of the mixture. The Gemini monomers 
in solution exist in cis conformation to allow for the mtramolecular 
interaction between the two alkyl chains of the molecule, which allow for 
maximum interaction with other surfactants [9]. The synergistic 
interaction of Gemini surfactants with conventional surfactants is also 
dependent on the strain in the head group of the Gemini molecule. Also 
the properties of Gemini micelles are adjustable by their spacer length, 
the surfactant systems having similar hydrophobic chain length but 
dissimilar head groups in terms of spacer length induce nonideality in the 
mixtures. The mixtures of Gemini surfactants show more synergistic 
interaction in the mixed monolayer than in the mixed micelles due to the 
steric constraints. 
The morphology of micellar aggregate is mainly determined by a 
balance between hydrophobic interactions of the hydrocarbon tails, 
electrostatic repulsion and hydration of head groups. The shape of the 
micelles is determined by the volume (VQ) occupied by hydrophobic 
group in the micellar core, the length of hydrophobic group in the core 
(/c) and the cross sectional area (AQ) occupied by hydrophilic group, 
which are related to each other by packing parameter (p) [10] 
p=Vo/Aolc 
The micellar morphology has tremendous effect on the solubilization of 
polyaromatic hydrocarbons. As the locus of solubilization, i.e., location in 
the micelle at which solubilization occurs, varies with solubilized 
material as it reflects the type of interaction between surfactant and the 
solubilizate. The increase in packing parameter, leads to more asymmetry 
of the micelle, which results in more solubilization in the core relative to 
its outer region [7]. The effect of the curvation of the micelles on 
solubilization capacity has been pointed out by Mukerjee [11]. The 
convex micellar surface produces a Laplace pressure inside, which 
decreases solubilizing power of aqueous micellar solutions of 
hydrocarbon-chain surfactants for hydrocarbons. 
Keeping in view of the above aspects, a comprehensive work plan 
was undertaken by selecting Gemini surfactants alkanediyl-a,<y-
bis(cetyldimethylammonium bromide (16-5-16, s= 4,5,6) to study mixed 
micellization with cationic (cetylpyridinium chloride, CPC), anionic 
sodium bis(2-ethylhexyl)sulfosuccinate, AOT) and nonionic 
(polyoxyethylene 10 cetyl ether, Brij56) surfactants. The solubilization of 
model polyaromatic hydrocarbons (PAHs) in individual as well as in 
mixed micelles has also been carried out. 
After providing a comprehensive background (Chapter 1- General 
Introduction) and experimental details (Chapter 2), the results obtained 
have been described in the subsequent chapters. 
In Chapter 3 details of mixed micellization of Gemini surfactants 
(5=4,5,6) series with conventional surfactants (CPC, AOT and Brij56) 
have been presented. The strength of interaction between Gemini 
surfactants and conventional surfactants is highest between pentanediyl-
a,co-bis(dimethylcetylammonium bromide) (16-5-16). This has been 
rationalized in terms of least strain in the 16-5-16 molecule hence 
presenting highest synergistic interaction. Micellar and other interfacial 
parameters were calculated, discussed and then compared. Comparison of 
average ^av values reveals that ^ is highest for 16-5-16 - conventional 
surfactants among 16-4-16, 16-5-16 and 16-6-16 in all the three cases, 
while it is least for Gemini- nonionic combinations. The micellar mole 
fraction of the Gemini surfactants is higher in the mixed micelles even in 
the poor region of the Geminis, thus indicating their higher propensity 
towards micellization. Among the binary combinations, least attractive 
interaction is observed in the Gemini-nonionic and highest in the 
Gemini-anionic. For Gemini-anionic, opposite charges always exhibit 
highest electrostatic interaction whereas in Gemini-cationic (CPC), 
interaction of IST with n- electron cloud of pyridine ring exists, besides 
hydrophobic interactions. The nonionic surfactant (Brij 56) with 
poly(oxyethylene) has a large number of oxygen atoms with lone pair of 
electrons and will have a tendency to interact coulombically with the 
cationic Gemini surfactants. However, due to the presence of long 
oxyethylene head group in the surfactant, thermal vibrations might be 
imposing some steric constraints restricting the effective head group 
interactions between the Gemini - Brij 56 and hence lead to the lesser 
value of interaction parameter. 
Chapter 4 gives detailed account of the studies of mixed 
micelization involving tetramethylene-l,4-bis(A^-hexadecyl-7V,A'-
dimethylamonium bromide, 16-4-16), pentamethylene-l,5-bis(7V-
hexadecyl-A/^A^-dimethylamonium bromide, 16-5-16 ), hexamethylene 
l,6-bis(A^hexadecyl-i^^,7V-dimethylamonium bromide, 16-6-16) in their 
binary and ternary combinations. The ideality/nonideality of the selected 
combinations of the surfactant mixtures were tested in the light of Clint, 
Rubingh, and Rubingh-Holland approaches. A detailed understanding of 
thermodynamics of micellization and interfacial adsorption of the 
combinations, micellar composition, interaction parameter, and activity 
coefficients have been made. 
Chapter 5 embodies details of the effect of mixed micelles of 
Gemini 16-5-16-conventional surfactant systems on the solubilization of 
polyaromatic hydrocarbons (PAHs). The greater synergistic interaction 
among surfactants decreases solubilization of PAHs in the mixed micelles 
but overall solubilization ratio is higher than pure micelles. The highest 
solubilization is observed in the mixed micelles of 16-5-16-Brij56 while 
least in G5-A0T. The long oxyethylene head group in Brij56 imposes 
some steric constraints due to thermal vibrations restricting the effective 
head group interactions between Gemini and the nonionic surfactant and 
hence leads to the lesser value of interaction parameter. These thermal 
vibrations and other factors lead to the formation of loose micelles which 
provide additional sites for PAH solubilization. 
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General Introduction 
(A) Surfactants 
The word amphiphile was coined by Paul Winsor. It comes from two 
Greek roots; amphi means "double" and philos means "affinity". An 
amphiphilic substance exhibits double affinity, which can be defined from the 
physico-chemical point of view as a polar-apolar affinity. The polar portion 
exhibits a strong affinity for polar solvents, particularly water, and it is often 
called hydrophilic part or hydrophile. The apolar part is hydrophobe or 
lipophile. 
The term surfactant is a blend of words, "Surface Active Agent" 
which literally means active at surface coined by Antara products [1]. In 
Index Medicus and the United States National Library of Medicine, 
"surfactant" is reserved for meaning "pulmonary surfactant". Surfactant 
deficiency causes infant respiratory distress syndrome (IRDS) [2] while 
accumulation causes pulmonary alveolar proteinosis [3]. 
A surfactant is a surface active amphiphile that aggregates (self-
assembles) in water or other solvents to form various microstructures such as 
micelles or bilayers.The amphiphile with more or less equilibrated 
hydrophilic and lipophilic tendencies are likely to migrate to surface or 
interface. It doesn't happen if the amphiphilic molecule is too hydrophilic or 
too hydrophobic, in which case it stays in one of the phases. Amphiphiles 
often exhibit other properties besides lowering of surface tension. Because of 
its dual affinity, an amphiphilic molecule doesn't feel 'at ease' in any solvent. 
This is why amphiphilic molecules exhibit a very strong tendency to migrate 
to interface or surfaces and to orientate so that the polar group lies in water 
and the nonpolar or apolar is placed out of it. 
A surfactant, when present at low concentrations in a system, has a 
property of adsorbing on to surfaces or interfaces of systems thereby altering 
their free energies. Due to micelle or bilayer formation, amphiphiles can be 
tuned to perform diverse ftinctions. So the ftjndamental property of an 
amphiphile to be surface active is the formafion of micelles or bilayers. 
Micelles are aggregates of amphiphiles above a certain minimum 
concentration in a solution known as critical micelle concentration (cmc). For 
surface activity in a particular system, the surfactant molecule must have the 
chemical structure that is amphiphatic in that solvent under the conditions of 
use. McBain [4] and Hartley [5], from their preliminary research work, had 
concluded that micelles are spherical or roughly spherical in shape and since 
then a large number of reports have surfaced out hitherto [6-10]. 
Surfactants have been widely used in both industrial and domestic 
fields since the first surface-active product was prepared commercially by C. 
SchoUar in Germany in 1930 [11]. Now these materials have impact on 
almost all aspects of our daily life, either directly in household detergents and 
personal care products or indirectly in the production and processing of 
materials which surround us [12-17]. The widespread importance of 
surfactants in practical applications, and scientific interest in their nature and 
properties, has precipitated a wealth of published literature on the subject. The 
most comprehensive source of information for surfactant information on 
internet is probably Huibers 'The Surfactants Virtual Library' [18]. Scientific 
curiosity has driven surfactant research into areas such as organization of 
surfactant molecules into interesting shapes and structures, all with unique 
properties [19]. Surfactants have even been the subject of investigation into 
the origin of life, meteorites containing lipid- like compounds and may be an 
interstellar prebiotic earth source of cell membrane materials [20]. 
Surfactants are classified either by their main use such as, soaps, 
detergents (also known as colloidal surfactants) wetting, foaming agent, 
corrosion inhibitor, etc., or by the structure they are able to build, i.e., 
membranes, microemulsions, vesicles, liposomes, etc. The most accepted and 
scientifically sound classification of surfactants is based on their dissociation 
in water. Depending upon the nature (charge) of hydrophilic group, 
surfactants are classified as; 
3 
(I) Ionic Surfactants 
(a) Cationic surfactants; The surface active portion has a positive 
charge. 
Example: Hexadecyltrimethylammonium bromide 
CH3(CH2),5N^(CH3)3Br-
(b) Anionic surfactants; The anion is the surface active species. 
Example: Sodium dodecylbenzene sulfonate 
CH3(CH2)nC6H4S03"Na'^ 
(c) Zwitterionic or ampholvtic surfactants; Both positive and 
negative charges are present in the surface active portion, and 
can behave as either an anionic, nonionic, or cationic species, 
depending upon the pH of the solution. 
Example: A -^dodecyl-A ,^A -^dimethyl betaine 
C 12H25N^(CH3)2CH2C00-
(II) Nonionic Surfactants 
The surface active portion bears no apparent ionic charge, but has a 
polar head group (containing hydroxyl groups or polyoxyethylene chains). 
Example: Polyoxyethylene 20 cetyl ether (Brij58) 
C,6H33(CH2CH2O)20-OH 
(III) Polymeric Surfactants 
These are formed by association of one or several macromolecular 
structures exhibiting hydrophilic and lipophilic characters. 
Example: Polystyrene-block-poly (vinyl acetate) 
O Br 
CH3—(CH2CH20)^^C C (CH2-CH ) 
m 
Br 
(IV) Dimeric Surfactants 
One of the most exeiting developments in the field of surfactant 
chemistry is the emergence of the dimeric (Gemini) surfactants. The term 
'Gemini' surfactant, coined by Menger [21], has become accepted in the 
surfactant literature for describing dimeric surfactants, that is, surfactant 
molecules two tails per surfactant molecule [21-23] containing two 
hydrophobic groups (sometimes three) and two hydrophilic groups in the 
molecule, connected by a linkage (spacer ) close to hydrophilic groups. The 
interest in this field is due to the report of Rosen [22] which pointed out that 
these surfactants could be more surface active by orders of magnitude than 
comparable conventional surfactants containing a similar single hydrophobic 
tail and a single hydrophilic group. As a result, numerous papers have 
appeared in the literature describing the fundamental properties of Gemini 
surfactants. 
Geminis were known long before to Bunton et al. [24], who studied 
catalysis of nucleophilic substitutions by "dicationic detergents" and to 
Devinsky et al. [25] who reported the surface activity and micelle formation 
of some new "bisquatemary ammonium salts". Then Okahara [26] prepared 
and examined amphiphatic compounds with two sulphate groups and two 
lipophilic alkyl chains. 
Fig. 1.1: Schematic representation of Gemini surfactant. 
Menger and Littau [23] assigned the name "Gemini" to bis-surfactants 
with a rigid spacer (i.e., benzene, stilbenzene), but name is then extended to 
other bis or double tailed surfactants, irrespective of the nature of the spacers 
(Fig. 1.1). The great majority of Geminis have symmetrical structures. A 
Gemini with two tails and spacer separating the quaternary nitrogen atom can 
be represented as m-s-m (where m is the number of carbon atoms in alkyl 
chain length and s is the number of carbon atoms in spacer). A great deal of 
variation exists in the nature of the spacer, which can be short or long ; rigid 
or flexible; and polar or nonpolar. The polar group can be positive 
(ammonium), negative (phosphate, carboxylate), or nonionic (polyether, 
sugar) [27]. Some unsymmetrical Geminis and Geminis with three or more 
polar groups or tails have recently been reported [28, 29]. The morphology of 
the arrangements of Gemini monomers in polar solvents may be of four. From 
academic and industrial point of view, there has been considerable interest in 
these compounds since they have low cmc, increased surface activity, 
enhanced solution properties, such as hard-water tolerance, superior wetting 
times, and lower Krafft points. A number of patents and papers have appeared 
in scientific literature [22, 30-32]. All charge types of Gemini surfactants 
cationic [33, 34], anionic [35], nonionic [36] and zwitterionic [37] and a 
variety of structural types; alkylglucoside based [38], sugar based [39], with 
unsaturated linkages [40] and almost all types with flexible, rigid, and 
heterotype spacers have been synthesized. The search for the synthesis of new 
novel types of Gemini surfactants is increasing from their application point of 
view [41, 42]. 
(B) Micelle Formation 
The characteristic property of amphiphilic molecules is their capacity to 
aggregate in solutions. The aggregation process depends on the amphiphilic 
species and the conditions of the system in which they are dissolved. The 
narrow concentration range over which surfactant solutions show an abrupt 
change in physico-chemical properties is called critical micelle concentration 
for the formation of micelles or critical micelle concentration (cmc) [43,44]. 
Cmc values of commonly used surfactants range from millimoles to moles 
[44-46]. The term cmc was established by Bury [47], defining it as 
concentration range below which surfactant is in solution as monomer and 
above which practically all additional surfactants added to the solution form 
micelles. Below the cmc value, the physico-chemical properties of ionic 
surfactants resemble those of strong electrolytes and, above the cmc, these 
properties change dramatically, indicating a highly cooperative association is 
taking place. This is illustrated by Preston's classic graph [44] in Fig. 1.2. Just 
above the cmc, micellar structure is considered to be roughly globular or 
* ;OOD UM U A U R Y L 0 U ! _ = " A T C 
Fig. 1.2: Preston's classic graph showing variation in physical properties of 
surfactant solutions below and above the cmc value of SDS. 
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spherical [45, 46]. The exact structure of micelle is still somewhat 
controversial, as there is evidence of micelles having a rough surface with 
considerable penetration of water between head groups [46]. 
Micelle formation and counterions in the solution surrounding a 
charged surface determine the rate at which the electrical potential will 
change with the distance from the charged surface. It is advisable to discuss 
the so-called electrical double layer at interfaces, since this is necessary for an 
understanding of the electrical aspects of adsorption. Hydrophobic cores of 
micelles have diameters of about 10-30 A. The charged coat of ionic micelles, 
called the Stem layer is 60-90/ neutralized by counterions in aqueous 
surfactant solutions without added salt [46]. The surface charge of ionic 
micelles results in an electrical potential of the order of lOOmV at the micelle 
-water interface with the same sign as the surfactant head group [48]. If a salt 
is added to the solution, the surface potential is partly neutralized, decreases 
Coulombic repulsion between head groups, and allows the formation of larger 
micelles. A solution having a single, very narrow, distribution of micellar size 
is often called monodisperse. As concentration of surfactant or salt or both in 
water are increased, globular micelles gradually turn into larger rod- like 
micelles. Under certain experimental conditions, spherical and rod-like 
micelles coexist in the same solution; such systems are known as 
polydisperse. At higher concentration of surfactants or salt, rod-like micelles 
begin to predominate and at still higher concentration, lamellar liquid crystal 
phase may be formed [46]. 
In nonpolar media, the structure of the micelle is similar but reversed, 
with the hydrophilic heads comprising the interior region surrounded by outer 
region, containing hydrophobic groups and nonpolar solvent. Dipole- dipole 
interactions hold the hydrophilic heads together in the core. 
Monolayer 
C>CMC 
Micelles 
C :>CMC 
I, / 
Monomers 
C < CMC 
Fig. 1.3: Surfactant existence in different phases, dependent on surfactant 
concentration. 
(C) Mixed Micellization 
A mixed micelle is an aggregate of surfactant molecules composed of 
different types of surfactants present in the solution. From the application 
point of view, mixed micelles are of great importance in biological, 
technological, pharmaceutical and medicinal formulation, enhanced oil 
recovery process for the purpose of solubilization, suspension, dispersion, etc. 
[49]. Due to numerous applications of such systems, a lot of attention has 
been devoted for the understanding of mixing behavior using various 
techniques such as conductivity, surface tension, viscosity, NMR, 
calorimetry, potentiometry, fluorimetry, density, SANS, etc. [50-69]. 
Generally, structurally similar mixtures show ideal mixing, while head group, 
hydrophobic tails and counterion modifications induce significant nonideality. 
The binary combination of ionic-ionic, ionic-nonionic, and nonionic-nonionic 
surfactant systems including a number of bile salts and several synthetic ionic 
and nonionic surfactants have been tested. The theoretical approaches are 
found to be most successful in describing the micellar behavior of anionic-
anionic surfactant solutions. A generalized multicomponent nonideal mixed 
micelle model based on the pseudophase separation approach is presented by 
Holland and Rubingh [70]. Surfactant-surfactant interactions in mixed 
micelles and monolayer formation was extensively studied by Rosen [71]. 
(D) Micellar Structure and Morphology 
The morphology of micellar aggregate is mainly determined by a 
balance between hydrophobic interactions of the hydrocarbon tails, 
electrostatic repulsion and hydration of head groups [72]. The shape of the 
micelles produced in aqueous media determines various surfactant solution 
properties such as, viscosity, solubilization, and cloud point. A theory of 
micellar structure based upon the geometry of various micellar shapes and the 
space occupied by hydrophilic and hydrophobic groups of the surfactant 
molecules has been developed by Israelachvili, Mitchell [73,74]. The shape of 
the micelles is determined by the volume (FQ) occupied by hydrophobic group 
in the micellar core, the length of hydrophobic group in the core (4) and the 
cross-sectional area {AQ) occupied by hydrophilic group, which are related to 
each other by packing parameter (p) 
P=VofAolc (1.1) 
The core radius of micelle is about the length of fully extended chain 
length of amphiphile. In aqueous media, the surfactant molecules are oriented, 
with their polar heads towards the aqueous phase and their hydrophobic 
groups away from it. The aqueous phase is believed to penetrate into the 
micelle beyond the hydrophilic head groups and the first few methylene 
groups of the hydrophobic chain adjacent to the hydrophilic head are often 
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Table 1.1: Relationship between the packing parameter and the shape of the 
aggregate formed. 
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considered in the hydration sphere. It is therefore useful to divide the interior 
region into an outer core that may be penetrated by water and an inner core 
from which water is excluded. There is also another region within the 
micelles called the palisade layer (mantle), which includes the head groups 
and first few methylene groups. In ionic micelles, the layer adjacent around 
the surface of the micelles is called the Stem layer [75] and to this layer 
counterions are so strongly bound that they migrate with the micelles in an 
electrical field as there is no thermal agitation. The diffuse part of the double 
layer containing free counterions extend into the bulk of the solution, and the 
decrease in counterion concentration with distance from micellar surface has 
exponential form [76-78] (Fig. 1.4). On the basis of Hartley model, the overall 
volume of the micelle is approximately twice that of Stem layer [79-81]. The 
fraction of the counterions associated with Stem part of the double layer is 
known as counterion binding (g,) [10,82]. Counterion binding is the 
precondition for the understanding of all aggregation processes, greater 
binding causes decrease in cmc. 
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Fig 1.4: Schematic representation of the regions of spherical micelle. 
The degree of counterion binding also depends upon the surface charge 
density of the micelle, i.e., greater the charge density, greater will be the 
counterion binding with smaller surface area per head group. The number of 
monomeric units present in the different micelles is referred to as aggregation 
number N, which is affected by temperature and electrolyte [9, 82]. 
Differently- sized micelles may be formed in a stepwise process according to 
multiple equilibrium model [83,84]. Alternatively, the monodisperse micelles 
are formed in a dominant equilibrium step according to closed association 
model [83,84]. In principle, the micellar size and shape are dependent on the 
molecular structure of the surfactant, nature of solvent (temperature, pressure, 
ionic strength, presence of additives, etc), and the concentration of surfactant 
solution. 
(E) Thermodynamics of Micellization 
From theoretical as well as practical purposes, the thermodynamics of 
the surfactant systems are of great importance, as they affect the stability of 
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ordered micelles vis-a-vis disordered free surfactant molecules and/or ions in 
the solution state. The formation of micelles in aqueous solution is viewed as 
a compromise between the tendency for alkyl chains to avoid energetically 
unfavorable contacts with water, and the desire for the polar parts to maintain 
contact with the aqueous environment. 
A thermodynamic description of the process of micelle formation 
includes description of both electrostatic and hydrophobic contributions to the 
overall Gibbs energy of the system. The hydrophobic Gibbs energy (transfer 
Gibbs energy) is defined as Gibbs energy for the process of transferring the 
hydrocarbon solute from the hydrocarbon solvent to water. In considering the 
transfer Gibbs free energy in terms of its entropic and enthalpic contributions, 
a significant characteristic of the hydrophobic effect is that the entropy term is 
dominant, i.e., the transfer of hydrocarbon solute from the hydrocarbon 
solvent to water is accompanied by an increase in the Gibbs free energy [85]. 
The decrease in entropy is believed to be the result of breakdown of normal 
hydrogen bonded structure of water accompanied by formation of differently 
structured water, often termed 'icebergs', around the hydrocarbon chain. The 
presence of the hydrophobic species promotes an ordering of water molecules 
in the vicinity of the hydrocarbon chain. To minimize the large entropy effect, 
the 'icebergs' tend to cluster [86] in order to reduce the number of water 
molecules involved; the 'clustering' is enthalpically favored, but entropically 
unfavorable. The overall process has the tendency to bring the hydrocarbon 
molecules together, known as hydrophobic interaction. Molecular 
interactions, arising from the tendency for water molecules to regain their 
normal tetrahedral structure, and the attractive dispersion forces between 
hydrocarbon chains, act cooperatively to remove the hydrocarbon chain from 
the water 'icebergs', leading to an association of hydrophobic chains. 
Micelle formation in aqueous medium is a thermodynamically favored 
and spontaneous process accompanied by significant decrease in free energy, 
and the driving force behind it is the hydrophobic bonding accompanied by 
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desolvation. Such interactions generate the iceberg structure with a 
consequent decrease in entropy. As a result of micellization, the water 
immobilized in the iceberg structure surrounding the non-polar segments of 
the surfactant molecules are released, leading to gain in entropy and heat 
content [87-91]. Micellization at elevated temperatures is thought to be 
enthalpy driven, while as at room temperature, it is entropy governed. In fact, 
there is enthalpy-entropy compensation which has been extensively 
investigated [91-95]. Thus, the phenomenon of micellization is an 
energetically controlled process, where formation of micelle is well under 
thermodynamic control. 
A number of attempts has been made to explain the phenomenon of 
micelle formation but two main approaches have gained wide popularity to 
analyze the micellization. These are phase separation model and mass action 
model. In the phase separation model [9, 96-98], micelles are considered to 
form separate phase above cmc. In the mass action model [9, 16, 99-102], the 
micelles and unassociated monomeric species are considered to be in a kind 
of association-dissociation equilibrium. In both these treatments, the 
micellization is described in terms of classical system of thermodynamics. 
(1) Phase Separation Model 
According to this model, micelles and counterions are treated as 
separate phase. However, the micelles do not constitute a "phase" according 
to the true definition of this concept since they are not homogeneous and 
uniform throughout. Similarly, there are problems associated with the 
application of the phase rule [103] while considering micelles as separate 
phase. 
a) Application of the phase separation model to non-ionic surfactants 
To evaluate the thermodynamic parameters for the process of micellization a 
primary requisite is to define the standard state. The hypothetical standard 
state for the surfactant in the aqueous phase is taken to be the solvated 
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monomer at unit mole fraction with the properties of the infinitely dilute 
solution. For the surfactant in the micellar state, the micellar sate itself is 
considered to be the standard state. 
If Us and Hn, are the chemical potentials per mole of the unassociated 
surfactant in the aqueous phase and associated surfactant in the micellar 
phase, respectively, since these two phases are in equilibrium 
iWs = Am (1-2) 
For non-ionized amphiphile, 
fi, = A + RT\na, (1.3) 
where /J^s is the chemical potential of standard state. 
Since the micellar state is in its standard state 
iWm = / m (1-4) 
At low concentration of free monomers, the activity a^ is replaced by mole 
fraction Xs. 
If the AG^m is the standard free energy for the transfer of one mole of 
amphiphile from the solution to micellar phase, then 
AG*^ = A - / s = /^ n, - //s - / ? r InX, = -RT \nX, (1.5) 
Assuming that the concentration of free surfactant in the presence of micelle 
is constant and equal to the cmc value, ^cmc, then 
AG^„, = -/?naYemc (1.6) 
Xcmc is the cmc expressed as a mole fraction, therefore, 
^cmc=«s/(«s+«H20) (1 .7) 
Since the number of moles of free surfactant, n^, is small compared to number 
of moles of water, ny\p, therefore, Eq (1.7) can be written as 
>^ cmc = "s/'^HjO (1 .8) 
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Substituting the value of Eq (1.8) into the Eq (1.6) and applying logarithm we 
get 
A(^n,--2.303/?r(logcmc-]og>v) (1.9) 
where w = mol dm"-'water (55.40 moldm'^ at 20 '^ C) 
Application of Gibbs -Helmholtz equation to Eq (1.6), gives 
dldT{^<fjT)^=-R{d\racmJdT)v=Mfjt (1.10) 
Hence the standard enthalpy of micellization per mole of monomer, A / / 
Affrn^ -Rfidln X,JdT)v= R (d \nX,„M 1 /7))P (1.11) 
Also standard entropy of micellization per mole of monomer, A-Sm", is given 
by 
AS*,=( A//',-AG^ J / r (1.12) 
(b) Application of phase separation model to ionic surfactants 
In the calculation of AG^m, it is necessary to consider the transfer of (1-
gi) moles of counterions from its standard state to micellar state in addition to 
transfer of surfactant molecules from the aqueous phase. Therefore, Eq 1.5, 
can be written as 
AG',,= -RT\nX, + (l-g,)RT\nX, (1.13) 
where ^s and X^ are the mole fractions of surfactant ions and counterions, 
respectively. 
The analogous Eqs (1.6) and (1.9) for an ionic surfactant in the absence of 
added electrolyte are 
AG^m = -(2-g,)RT\nX,m. (1.14) 
AG n^, = - (2- g,) 2.303^r(Iog^emc" logw) (1.15) 
It is assumed that micellar phase is composed of the charged aggregate 
together with an equivalent number of counterions, and Eqs 
(1.14) and (1.15) are approximated to 
AG n^, =-2/?naYemc (1.16) 
AG*m = -4.606/?r(logcmc-logw) (1.17) 
The enthalpy of micellization Af^m > for ionic surfactants is given by 
Aff^= - 2 Rf(d\n X^JdT)^ (1.18) 
One of main criticism of phase separation model is that it predicts 
constant activity above cmc, which, however, was found to remain constant. 
Surface tension and emf measurements indicate decrease in monomer activity 
above cmc for ionic surfactant. 
2. Mass Action Model 
In the mass action model, it is assumed that associated and 
unassociated surfactant ions are in association-dissociation equilibrium and 
micellization is considered as a reversible process. The mass action model 
was originally applied to ionic surfactants but latter it was applied to nonionic 
surfactants also. 
Above cmc, the concentration of monomer and micelle are 
interdependent due to equilibrium 
Km 
n(Sr or S- or S)^(S„- or Sn^) S„ (1.19) 
where .S^  or 5" or .S are surfactant monomer, 5n^  or Sn or 5n are surfactant 
micelles, n is the aggregation number and K^ is the micellization constant 
(equilibrium constant) 
^m=[5n]/[5]" (1.20) 
At cmc, the free energy of micellization is given by 
AG'^ = -RT\nK^ (1.21) 
At cmc, the aggregation number is a fixed quantity and the micellar 
concentration at this stage is very low with respect to monomer, hence 
AG^m = -RT\ncmc (1.22) 
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Applying Gibbs- Helmholtz equation and assuming the aggregation number 
to be large and independent of temperature, the standard enthalpy of 
micellization can be written as 
Affm= - RAd\n X^JdT)^ (1.23) 
The equation has a limited application when aggregation number varies with 
temperature and concentration. 
The micellization of ionic surfactants {S^ or S*) along with the 
counterions {t or F) 
n(S^ or S') + m{t or F) ^U"'""^' or h^"'"'^'' where n and m are 
aggregation number and number of counterions that associate with the ionic 
micelles. 
Kr. = {M\l{SnPr (1-24) 
The free energy of micelle formation per mole of monomer unit (AG^ni) is 
then given by 
^(f^= ACfjn = {-\/n \n[M\+\n[S]+m/n ln[I]}RT (1.25) 
At cmc, n is large. [S]= [/] =cmc (for a very small fraction of surfactant ions 
from micelles) 
A(frrr<i+giWT\ncmc (1.26) 
where gi= m/n, is the fraction of counter ions bound to the micelle. 
For nonionic surfactants, g=0 and the equation reduces to Eq (1.22). But when 
counterion binding is 100%, i.e., g/=l, 
AG^^ = -2RT\ncmc (1.27) 
The mass action model is more realistic model than the phase 
separation model in describing the variation of monomer concentration with 
total concentration above cmc. However, it suffers a serious limitation in that 
it considers monodispersity of micelle size inspite of polydispersity. The 
phase separation model assumes constant surfactant activity and hence 
surface tension above cmc although neither of them remains constant. If 
aggregation number n is infinite then mass action and phase separation 
models are equivalent. 
Both the mass action and phase separation models, despite their 
limitations, are useful representations of the micellar process and may be used 
to derive equations relating the cmc to the various factors that determine it. 
Neither mass action nor phase separation models are enough to explain the 
thermodynamics of micellization completely. From the practical point of view 
a comprehensive approach was developed, known as multiple equilibrium 
model [104], which corrects the flaws of mass action model. The 
thermodynamic parameters are determined either by calorimetry or by 
measuring cmc at different temperatures but the results don't agree well. So it 
is clear from the above discussion that more reliable data are necessary to 
overcome the present difficulties in the quantitative interpretation of 
micellization and also should be aware of limitations and analyze findings in 
terms of appropriate models. 
Nevertheless, because of the simplicity of its application, the 
pseudophase model is widely used to model thermodynamic data, particularly 
for long chain surfactants having low cmc values. The mass action model 
allows for modeling of thermodynamic properties over a broader 
concentration range, i.e., premicellar range as opposed to the pseudo-phase 
model, which is applicable only in the post-micellar range. As well, prediction 
of aggregation numbers can be made from the mass action model, and it has 
been more successfully applied to short chain surfactants. 
3. Other Thermodynamic Models 
The thermodynamics of small systems developed by Hill [105] has 
been applied to nonionized, noninteracting surfactant systems by Hall and 
Pethica [106]. In this approach, aggregation number is treated as 
thermodynamic variable, thereby enabling variations in the thermodynamic 
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functions of micelle formation with the mean aggregation number, <n> , to be 
examined .The thermodynamic functions of micellization assuming solution 
ideality are as under 
AG*„,=/?7Iln^s-(ln^m/<«>)] (1-28) 
A//'„=-^7^[(dln^s/d7)p-l/<w>(dlaVm/dr)p] (1.29) 
A5"„=-/?r(dln^s/d7)p+/?r/<«>(dln;rjdr)p 
-R\nX^+{RI<n>)\nX^ (1.30) 
For systems with large <n> and changes little with temperature, Eqs 
(1.28) and (1.30) are reduced to the corresponding equations of mass action or 
phase separation models. 
Another approach for that of small systems was formulated by Corkill 
and coworkers and applied to systems of nonionic surfactants [107,109]. This 
multiple equilibrium model considers equillibria between all micellar 
solutions present in solution rather than with single micellar species as was 
considered by mass action theory. 
Micelle formation takes place by the aggregation of monomeric 
surfactant molecules dispersed in a solvent. Aggregation is opposed by both 
an increase in electrostatic energy (for ionic surfactants) and a decrease in 
entropy due to aggregation. 
So from the above discussion it is believed that molecules having the 
hydrophobic groups when dissolved in water, distort the structure of water 
and increase the free energy of the system. The micelle formation occurs only 
above a certain concentration, depends on the balance between the factors 
promoting the micellization and those opposing it. Micellization process is 
primarily governed by entropy gain associated with it by the transfer of 
lyophobic group from the solvent environment to the interior of the micelle. 
This entropy gain upon micellization occurs by two ways, (1) structuring of 
the water molecules surrounding the hydrocarbon chains in aqueous medium, 
and subsequent transfer of these chains from the aqueous medium to the 
interior of the micelle by 'hydrophobic bonding' followed by the disruption of 
this structured structure [109], and (2) by the increased freedom of the 
hydrophobic chain in the nonpolar interior environment of the micelle 
compared to aqueous medium [110]. Any structural or environmental factor 
that affects solvent - lyophobic group interactions or interactions between 
lyophobic groups in the interior of the micelle will, therefore, affect free 
energy of micellization {ACf^) and hence the value of cmc. The negative 
values oiACfm are mainly due to the large positive entropy values {A^„\ and 
Alfm values are often positive, and, even when negative, are much smaller 
than the values of TA^^-
(F) Theories of Mixed Micellization 
A mixed micelle is one, which is composed of surfactant molecules of 
more than one type. Interest in mixed micelles has largely been driven by 
industry, in search of properties that lie beyond that defined by each 
surfactant component. Such a synergistic effect greatly improves many 
technological applications in areas such as emulsion formulation, interfacial 
tension reduction, cosmetic products, pharmaceuticals, and petroleum 
recovery, etc. In this regard, the specific interaction between two components 
of a mixture on their physicochemical properties including the adsorption 
behavior and micellization is of paramount importance. Various theoretical 
models have been proposed to interpret the formulation of mixed micelles 
(composition and interaction parameter) and monolayer formation. 
The first model given by Lange [111] and used by Clint[l 12], is based 
on phase separation model relates to the mole fraction and the critical micellar 
concentration (cmc) of the component in an ideal mixture, which is applicable 
to systems of mixed surfactants of similar structure, but hardly applicable to 
dissimilar combinations. This model is an idealization which neglects the 
interaction among different surfactants in the aggregated state. Rubingh [113] 
and Rosen [114-116] have made an attempt to explain the composition and 
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specific interaction parameters between two surfactants of nonideal mixture in 
the bulk and in the interface, on the basis of regular solution theory (RST). 
The Rubingh model treats the mixed micelles as a regular solution. Though 
these theories are satisfactory but are questioned on thermodynamic grounds 
[117-119]. Motomura [120] considered the mixed micelles as a macroscopic 
bulk phase and proposed his thermodynamic model to describe the mixed 
micellar properties as a fiinction of excess thermodynamic quantities, defined 
with reference to the spherical dividing surface. This model is independent of 
nature of surfactants and their counterions and is suitable for prediction of 
micellar composition. Maeda [121] explained that a mixed ionic -nonionic 
surfactant system often has a lower cmc much lower than the cmc of the pure 
components. This can be attributed to the decrease in the ionic head group 
repulsion caused by the presence of nonionic surfactant molecules between 
the head groups. Maeda suggested that besides regular solution interaction 
parameter, there could be another parameter that actually contributes to the 
stability of mixed micelles and put forward an equation to calculate the 
thermodynamic stability of ionic-nonionic mixed micelle through free energy 
of micellization fiinction of micellar mole fraction of ionic components in the 
mixed micelle. By the introduction of values of interaction parameter and 
micellar mole fraction from different models, thermodynamic stability of 
mixed micelles can be evaluated. 
Georgiev's model is based on Markov's chain model [122] for 
polymerization process of mixed micelles, and has introduced two molecular 
parameters instead of one as in RST. 
Blankschtein [123,124] has thermodynamically formulated models for 
mixed-surfactant systems (nonideal mixtures) to evaluate various physico-
chemical parameters. This is based on the cmc, chemical structure of 
hydrophobic and hydrophilic moieties of individual components, surfactant 
concentration, temperature, salt effect, etc. This theory helps to find out the 
cmc of binary surfactant mixtures, size and shape of the micelles and phase 
behavior of solutions. 
Molecular thermodynamic theory has a quantitative basis than RST, 
and can be extended to muticomponent systems, expected to work better to 
know exact information on a mixed surfactant system [124]. 
(G) Micellar Solubilization 
The characteristics property of micelles is their ability to increase the 
solubility of sparingly soluble substances in water. Solubilization, as defined 
by McBain and Hutchinson [125], is a particular mode of bringing into 
solution substances that are otherwise insoluble in a given medium, involving 
the previous presence of colloidal solution whose particles take up and 
incorporate within or upon themselves the otherwise insoluble material. Or it 
may be defined as the spontaneous dissolving of a substance by reversible 
interaction with the micelles of a surfactant in a solvent to form 
thermodynamically stable isotropic solution with the reduced thermodynamic 
activity of the solubilized material [9]. It is found that the solubility remains 
constant upto critical micelle concentration (cmc) and after this concentration 
solubility increases linearly with surfactant concentration, indicating that 
solubilization is micelle related phenomenon. 
Solubilization in aqueous media is of considerable importance in the 
fields of formulation of products containing water insoluble ingredients where 
it can replace the use of organic solvents or cosolvents, in detergency, for 
removal of oily soil, in micellar catalysis, in enhanced oil recovery, etc. In 
nonaqueous media, solubilization is of significant use for dry cleaning. The 
solubilization of materials in biological systems sheds light on the mechanism 
of the interaction of drugs and other pharmaceutical materials with lipid 
bilayers and membranes [9]. Solubilization is different from emulsification; in 
solubilization, the solubilized material is in the same phase as the solubilizing 
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solution whereas in emulsification the dispersion of one liquid phase occurs in 
another. 
The locus of solubilization, i.e., location in the micelle at which 
solubilization occurs, varies with solubilized material as it reflects the type of 
interaction between surfactant and the solubilizate. Solubilization studies 
were made by different techniques using X-ray diffraction [126], NMR 
spectrometry [127], UV-visible [127-130], and fluorescence [131]. The 
diffraction studies give us changes in the dimensions of micelles upon 
solubilization, whereas UV, NMR, and fluorescence spectra record changes in 
the environment of the solubilizate on solubilization. From such studies, 
Rosen [9] has stated a number of different sites in the micelle. Fig. 1.4: (1) on 
the surface of micelle, at the micelle water interface; (2) between the 
hydrophilic head groups; (3) in the palisade layer of the micelle between 
hydrophilic groups and first few carbon atoms of the hydrophobic groups that 
comprise the outer core of the micellar interior, and (4) in the inner core of the 
micelle. 
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Fig.1.4: Possible loci of solubilization of solubilizate in surfactant micelles. 
On the basis of above, saturated aliphatic, alicyclic hydrocarbons and 
unpolarized molecules are solubilized in the inner core of micelles in aqueous 
medium; polarizable hydrocarbons, such as arenes, are solubilized at micelle-
water interface, whereas large polar molecules, such as long chain alcohols or 
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polar dye stuffs, should be located between the hydrophilic head groups and 
in the palisade layer, while completely insoluble hydrophobic molecules, like 
polycyclic aromatic hydrocarbons (PAHs), may be located in the inner core of 
the micelles [9,130,131]. The depth of penetration in the palisade layer 
depends on the ratio of polar to nonpolar structures in the solubilizate 
molecule. 
The existence of different sites of solubilization in the micelles results 
from the fact that physical properties, such as microviscosity, polarity and 
hydration degree, are not uniform along the micelle. Thus solubilized 
materials of micelles should be divided into an adsorbed fraction (located at 
micelle-water interface) and a dissolved fraction (located in micelle core) as 
per two-site model given by Mukherjee [132], which was supported by Bury 
[133]. When adsorption takes place, the solubility increases beyond the limit 
of solubility power of the hydrocarbon core. The solubilizing capacity of 
surfactants depends on various factors, such as, structure of surfactant, 
temperature, pH, ionic strength, etc. [9]. Nonionic surfactants, because of 
their low cmc, are better solubilizing agents than ionics and order of 
solubilizing power is nonionic > cationic > anionic for surfactants with same 
chain lengths. For polar molecules, it is more complicated to establish a 
general relationship between degree of solubilization and the chemical 
structure of the surfactant, since solubilization can take place at inner core and 
in the outer region of the micelles. Crystalline solids generally show less 
solubility in micelles than do liquids of similar structure. For ionic 
surfactants, temperature increase results in extent of solubilization for both 
polar and nonpolar solubilizates. The extent of solubilization into a particular 
micelle depends upon the volume of locus of solubilization, which depends 
upon the shape of micelle. The shape of the micelle is determined by the 
value of packing parameter p=V(/l^o and, as this parameter increases, 
asymmetry of the micelle becomes more, which leads to more solubilization 
in the core relative to its outer region [9]. The effect of the curvation of the 
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micelles on solubilization capacity has been pointed out by Mukerjee [132]. 
The convex micellar surface produces a Laplace pressure inside, which 
decreases solubilizing power of aqueous micellar solutions of hydrocarbon-
chain surfactants for hydrocarbons. 
Manufacturing processes are accompanied by the generation of side 
products; solid, liquid, and gaseous, as waste materials. These wastes not only 
represent losses of valuable materials and energy from production process, 
but also pose a significant environmental problem. One such environmental 
problem is production of polyaromatic hydrocarbons (PAHs) formed by 
natural and anthropogenic pyrolysis of organic matter during forest fires, 
fossil fuel utilization, and chemical manufacture ; spillage from the storage 
tanks and during transportation, coal coking sites, tar ponds and petroleum 
facilities[134,135]. As many organic compounds have low solubility in water, 
so they may leach from the soil for a longer period of time and thus become 
continuous source of soil and ground water contamination. Organic 
contaminants like petroleum hydrocarbons are adsorbed physically due to 
hydrophobic forces on the soil surface. These PAHs are believed to be 
carcinogenic and cause of many reproductive disorders. The organic 
contaminants according to physical state can be classified as two types (1) 
solid and (2) liquid. The liquid organic contaminants remain as a separate 
phase in aqueous medium are called nonaqueous phase liquids (NAPLs). 
Ground water is used in many countries of the world as cheap source of 
drinking water, even in U.S. more than 50% of the drinking water comes from 
ground water. The organic hydrocarbons and PAHs are bind strongly to the 
soil, and also sparingly soluble in water, as a result their removals by various 
subsurface treatments are difficult. Attempts involving physical, chemical, 
and biological technologies have been made to remedy PAH-contaminated 
soils and water. Such remediation is dependent on desorption of contaminants 
from soils or sediments. In these situations, engineered treatment systems may 
be used to effect remediation [136]. It has been demonstrated that surfactants 
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increase the solubility of PAHs in aqueous solution, and in this way surfactant 
aided pump and treat technologies may speed the remediation process at sites 
contaminated with immobile NAPLs. Current interest in surfactants, 
particularly their application in in situ flushing of contaminated aquifers or ex 
situ washing of contaminated soils, stems from the ability of these chemicals 
to partition hydrophobic organic compounds (HOCs) into their micelle core. 
As a consequence, the technique of surfactant enhanced remediation (SER) 
has emerged as a promising one in which the solubility of organic pollutants 
is greatly enhanced by the presence of surfactant micelles [137-140]. 
THE SCOPE AND OBJECTIVES OF THE PRESENT THESIS 
Micellar solutions have widespread applications, and study of such 
solutions is important from academic as well as industrial point of view. 
Micellization properties of surfactants in solutions are modulated by 
parameters such as concenfration, temperature, and presence of other 
additives (alcohols, amines, electrolytes and other surfactants). Dimeric or 
Gemini surfactants appear to be better in certain properties than the 
corresponding conventional surfactants. Mixed surfactants producing mixed 
micelles are often used in industrial preparations, pharmaceutical and 
medicinal formulations. Investigations on the mixed combinations of 
surfactants in aqueous medium have been studied in recent past. The presence 
of two charge sites in a cationic Gemini proposes greater interaction with the 
conventional surfactants. In order to keep pace with the growing demands of 
industrial technology, a search for high performance surface active 
compounds are increasing. To meet the challenges of high cost, and growing 
demands, dimeric surfactants are likely to be mixed with conventional 
surfactants, so that mixed systems become cost effective while enhancing 
their properties at low concentrations. Much attention has been diverted to 
study of synergism or blending effects. 
11 
Only sporadic attempts have so far been made to explain the mixed 
micellization of Gemini bisquatemaryammonium bromides with conventional 
surfactants. In this regard further investigation is needed. So, we have 
performed detailed studies on the mixed Gemini alkanediyl-a,G>-
bis(dimethylcetylammonium bromide) with conventional surfactants. 
Chapter 3 presents a detailed and systematic study of surface and micellar 
properties of above mentioned Gemini surfactants with conventional 
surfactants cationic cetylpyridinium chloride (CPC), anionic sodium bis(2-
ethylhexyl) sulfosuccinate (AOT), and nonionic polyoxyethylene 10 cetyl 
ether (Brij56). 
To our knowledge, no attempt has been made to study systematically 
the mixed micelle and monolayer formation of Gemini 
homologues inspite of their better performance than the conventional ones. In 
the work presented in Chapter 4, focus has been made on the micellar (cmc, 
free energy of micellization) and adsorption (surface excess, minimum area 
per molecule, and free energy of adsorption) properties of binary and ternary 
surfactant mixtures of Gemini combinations only. Also, no report is available 
regarding the mixed micellization involving the three members of the series 
of alkanediyl-a,co-bis(dimethylcetylammonium bromide) Gemini surfactants 
in their ternary combinations. 
Manufacturing processes, are mostly accompanied by generation of 
waste materials, solid, liquid, and in gaseous forms. These wastes not only 
represent the losses of valuable materials and energy from production process, 
but also pose a significant environmental problem. One such environmental 
problem is production of polyaromatic hydrocarbons (PAHs) formed by 
natural and anthropogenic pyrolysis of organic matter during forest fires, 
fossil fuel utilization, and chemical manufacture. These PAHs are 
carcinogenic and cause of many reproductive disorders. As no report is 
available on the solubilization of PAHs in Gemini - conventional mixed 
surfactant systems, we have carried out studies on the solubilization 
capabilities of single and equimolar mixed micellar solutions of Gemini 
surfactant pentamethylene-l,5-bis(cetyldimethyl ammonium bromide) with 
cationic CPC, anionic AOT, and nonionic Brij 56 towards polycyclic aromatic 
hydrocarbons and then compared the results. Our choice for this type of 
surfactants is motivated by the fact that Gemini mixed micelles show better 
performance. Chapter 5 presents the solubilization aspects of naphthalene, 
anthracene and pyrene by single and binary surfactant systems. 
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Materials 
The surfactants (both conventional and Gemini) and polyaromatic 
hydrocarbons used in the present study are given in the Table 1.1, which also 
includes their abbreviation, chemical formula, make and purity. The conventional 
surfactants are commercially available whereas Gemini surfactants were prepared 
in the laboratory, the procedure of which is given below [1]. 
Synthesis of Gemini surfactants 
There are two main factors, which are important in their preparation: one is 
synthesis and the other is purification. Simple cationic Geminis of hexadecyl 
series with methyl spacers were prepared as shown in protocol. This method is 
attractive and is preferable only for 5 > 3 [1]. A mixture of N, N-
dimethylhexadecylamine and a, co- dibromoalkane (molar ratio 2.1:1) was boiled 
under reflux in dry ethanol with continuous stirring at 80 °C for 48h to ensure as 
much as possible a complete biquatemization. The progress of the reaction was 
monitored by using TLC technique. 
Reflux, dry ethanol 
Br (CH2)s Br + CH3-(CH2),5-N(CH3)2 
48h, 80°C 
C,6H33(CH3)2N"- (CH2)s- N"(CH3)C,6H33. 2Br-
( ^ 4 , 5 , 6 ) 
Scheme 1. Protocol for the synthesis of 16-S-16 compounds (s= 4,5,6) 
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The solvent was removed under vacuum after the completion of the 
reaction and the residue was obtained with a 70-90% yield by successive 
recrystallization (at least three times) by ethanol/ethylacetate mixture. 
The purity of the Gemini is critical as the surface activity can be 
changed in the presence of traces of impurities. Therefore, after 
recrystallizations, all the three surfactants were characterized by 'H N M R . F T -
IR. All the values obtained were satisfying, which indicated that the surfactants 
were well purified. Spectral data for the Geminis are collected in Table 2.2. 
'The purity of the Gemini surfactants was fijrther ensured by the absence 
of minimum in surface tension y vs. log [Gemini] plots [2] (see plots in 
Chapters 3 and 4). 
Instrumentation 
Surface tension measurements 
The tensiometric experiments were performed using a platinum ring by 
the ring detachment method with a Kriiss (Germany) Model K9 tensiometer. 
Surfactant concentration was varied by adding concentrated surfactant solution 
in small installments, and the readings were noted after thorough mixing and 
temperature equilibration. The measured surface tension values were corrected 
according to the procedure of Harkins and Jordan in-built in the instrument 
software. Temperature was maintained at 25 ±0.3 "C by circulating water ft-om 
a HAAKE GH thermostat. The accuracy of y measurements was within ±0.1 
mN m''. The cmc values were determined by noting inflexions in the y vs 
logarithm of surfactant concentration isotherms. 
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Conductivity measurements 
The conductivity of solutions was recorded at 25 °C by a digital 
microprocessor based conductivity meter (CyberScan CON500) from Eutech 
Instruments, having a sensitivity of 0.1 ^S cm~' and an accuracy of 0.5%. 
Temperature was maintained constant within ±0.3**C using a constant 
temperature bath. The cmc values were obtained from the intersection of two 
tangents drawn on the pre- and post- micellar slopes of specific conductance 
vs. concentration plots [3]. 
All the solutions were prepared in de-ionized double distilled water 
having conductivity in the range of 2-3nS. 
Spectrophotometric measurements (UV-Visible measurements) 
The solubility of PAHs was measured in different surfactant solutions 
with varying concentrations. Excess amounts of PAHs were added to vials 
containing 2 mL of the surfactant solutions to ensure maximum solubility. The 
sample vials having 5 mL capacity were sealed with screw caps fitted with 
Teflon-lined septa to prevent any loss. These samples were then agitated with 
magnetic pieces for a period of 24 h on a magnetic stirrer at a temperature of 25 
( ±0.5 °C). The solutions were subjected to centrifiigation at 15 000 rpm to 
remove the undissolved PAHs. The concentration of solubilized PAHs was 
determined spectrophotometrically with a Shimadzu spectrophotometer (Model 
UV-1650) following appropriate dilution of an aliquot of the supernatant with 
the corresponding surfactant concentration. The surfactant concentration was 
kept tlie same in both the reference and the measurement cells to eliminate the 
effect of surfactant on UV-absorbance. The solubilities of PAHs of NAP, ANT. 
and PYR at each surfactant concentration were determined at 276, 337, and 358 
nm respectively. 
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Chapter - 3 
Mixed Micelles ofCationic Gemini Alkanediyl-ayO)-
bis(cetyldimethylammonium bromide) Surfactants 
(16-s-16y s=4y5,6) with Conventional 
(Ionic and Nonionic) Surfactants 
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New surfactant molecules have been appearing at a relatively rapid pace, 
with the emphasis on to increase the basic performance of surfactant 
formulations and provision of new surfactant technologies to a diverse range of 
disciplines. Performance limitations of conventional surfactants have initiated 
interest in alternate surfactant structures. The search in developing new 
amphiphiles waned as performance of the commercial products could be 
enhanced by the judicious selection of additives. Mixed micellar systems 
including Geminis and conventional surfactants is one remedy and is receiving 
much attention. Also, from environmental perspective, it is highly desirable to 
select the surfactants from existing ones. Most of the studies, however, are 
made from the perspective of synergism or blending effects in surfactant 
mixtures [1,2] as mixing of different species of surfactants enhances the 
performance [3,4]. 
Gemini surfactants are an interesting class of surfactants that have 
emerged in recent years - they have two hydrophilic heads connected to two 
hydrophobic tails separated by covalently bonded rigid/flexible spacer [5]. 
Their structure, together with their low critical micellar concentration (cmc) 
values, make them very efficient in reducing surface tension [6,7], leading to 
potential applications such as detergents, fabric softeners, stronger biological 
activity, better solubilizing ability, wetting, foaming and lime-soap dispersing 
properties compared to conventional one-tail, one-head surfactants [8-12]. 
The presence of two charged sites in a Gemini proposes stronger 
interaction with the neutral and oppositely charged ionic surfactants than that 
of the conventional surfactant combinations. Alkanediyl-ot.w-
bis(alkyldimethylammonium bromide) type Geminis (referred to as m-s-m 
surfactants, where m and s are the number of carbon atoms of alkyl and 
alkanediyl groups, respectively) had been the most investigated systems [10-
35] . However, only limited number of attempts have been made regarding 
mixed micellization of the Gemini and single chain surfactants [13,17-28]. 
Binary mixtures of Gemini surfactants with conventional surfactants have 
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greater probability of exhibiting synergism, although the degree of synergism is 
governed by head group and chain length variations. 
Investigation of structural changes of known molecular structure and 
composition, which takes place in surfactants upon mixing of surfactant 
solutions, provide information that may be useful in predicting the nature of 
highly complex coaggregates. It has been shown that Gemini surfactants 
control the morphology and micellar growth in water in mixed Gemini - CTAB 
micelles [36]. It was also found that an increase in the spacer length generally 
suppressed the tendencies of mixed micelles towards micellar growth [36]. To 
get further insight, the micellar behavior of mixed micelles of three cationic 
Geminis alkanediyl-a,£y-bis(cetyldimethylammonium bromide) (16-5-16. 5= 
4,5,6 — abbreviated as G4, G5, G6) with conventional cationic 
cetylpyridinium chloride (CPC), anionic sodium bis(2-
ethylhexyl)sulfosuccinate (AOT) and nonionic polyoxyethylene 10 cetyl ether 
(Brij56) surfactants (Scheme 1) has been investigated in aqueous medium. 
C,6H33>r(CH3)2-(CH2)s-N"(CH3)2 C,6H33 2B 
(a) (s=4,5,6) 
C,6H33-(OCH2CH2),(r-OH 
(c) 
H 3 C — ( C h t ) l 5 - N ^ CI" 
/ ^ O N a ^ 
SCHEME 1: Structure of surfactant molecules used in this study: (a) dimeric 
Geminis (G4,G5,G6), (b) cetylpyridinium chloride (CPC), (c) 
polyoxyethylene 10 cetyl ether (Brij56), and (d) sodium bis(2-
ethylhexyl)sulfosuccinate (AOT). 
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The analysis of the data has been made in the light of various theoretical 
models, like those of Clint. Rubingh, Rosen, Motomura and Maeda to reveal 
the comparative performance of these models. Such a detailed study with 
dissimilar headgroups of surfactants in binary combinations has been assessed 
in the light of existing theories of the mixed micelle formation. 
Results and Discussion 
Properties of the micellar phase 
Above a certain concentration of surfactants in aqueous medium, the 
surfactant monomers start assembling together to form aggregates known as 
micelles and the concentration above which this occurs is known as critical 
micelle concentration (cmc). The cmc values were evaluated from the plots of 
specific conductivity {K) VS [surfactant] and fi-om surface tension (y) vs 
log[surfactant] ( Figs. 3.1-3.11), as clear breaks in these measurements are 
evidence of onset of micellization. Tables 3.1-3.3 record the experimental as 
well as ideal cmc values along with other related parameters. The cmc's of pure 
surfactants agree well with the literature [33, 37-39] values. 
Since the cmc values obtained by different methods vary, the cmc and 
cmc-derived parameters are found to depend upon the methodology adopted for 
cmc determination. For general correlation [40], we have, therefore, used 
average cmc values determined by the two methods (tensiometry and 
conductometry) (Tables 3.1-3.3).The surfactant chain length is a major driving 
factor for micellization [41] and hydrophobic interactions a major driving 
force. Entropy increases when water molecules in hydration shell around the 
hydrophobic parts of monomeric amphiphiles are released during micelle 
formation. As the length of hydrophobic chain increases, more water molecules 
are released resulting in more entropy increase, hence micellization occurs at 
lower concentration (lower cmc). Increase in the chain length of conventional 
surfactants decreases cmc but no specific trend is observed in Gemini's as the 
spacer connecting two head groups affect the cmc in unusual way [30]. This is 
because of Gemini surfactant monomers in solution exist in cis conformation to 
allow for the intramolecular interactions between two alkyl chains of the 
molecule, that is why cmc is observed to go through the maximum as the 
length of the spacer is increased in the range of- 5-6. 
The cmc values (cwCexp) of different combinations of binaries 
(Tables 3.1-3.3), determined from the surface tension (y)-log [surfactant] and 
specific conductivity (K)-[surfactant] plots, are lower than the component cmc s 
and from ideal one (cmcidcni. calculated using Eq. (3.1)), indicating nonideal 
mixing (Figs. 3.12-3.14). For ideal mixed micelles, cwcj^ cai can be calculated 
using Clint's Eq. (3.1) [42] 
• a. 
1/cmCideal = y '— ( 3 . 1 ) 
tt cmc, 
where a\ is the bulk mole fraction of the rth component in mixed surfactant 
solution and cmc, its critical micelle concentration in pure form. This equation 
makes difference between ideal and nonideal mixtures for which cwciHcni ^ 
cmcexp- Low values of cmcexp (Figs. 3.12—3.14) indicate synergistic 
interactions in all the three binary mixtures, i.e.. better propensity for micelle 
formation than pure surfactants. From the results it can be concluded that the 
Geminis can partition easily into the micelles of monomeric surfactants hence 
strengthen the hydrophobic environment in the mixed state and. therefore, 
micellization takes place at lower concentrations (lower cmc). The two tails of 
Geminis make the environment more hydrophobic and make mixing favorable. 
The results are in conformity with the earlier findings where cationic-cationic 
[43] and cationic-nonionic [44] mixtures had lower cmc values than the 
component ones [45]. 
The micellar mole fraction in the ideal state (A'l"*"', Table 3.4) has been 
computed from Motomura equation [46]: 
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ideal _ r / ~ - \ / / _ . ._/t ^ \-,™^ i **: ti ~ „ i « A.«^+;^« V'" A'/ = [iaicmc2)l{aicmc2H^-0.\)cmc)]. Micellar mole fraction Xi (calculated 
from Rubingh equation discussed ahead) is less than \\\QXI"^^"' in case of binary 
mixtures (Figs. 3.15-3.17), but lesser difference is observed in case of Gemini 
and Brij56 in all the Geminis ( G4,G5,G6), indicating more propensity of the 
nonionic surfactant towards micellization. Thus, we can safely conclude that 
the Gemini surfactants partition easily into mixed micelles as compared to 
conventional surfactants; this strengthens the hydrophobic environment in the 
mixed state resuhing in the onset of micellization at lower concentrations in 
comparison to pure state. 
As explained above, cmcexp< cmcideai values indicate negative deviation 
from ideal behavior for mixed micelle formation. The estimate of negative 
deviation of cmcexp from cmcideai (hence nonideality of mixed binary surfactant 
systems) can be made in the light of Rubingh's Eq. (3.2) [47] 
(Z"')Mn(cmc,,Qr,/cmc,Xr) _ 
' m \ 2 i _ f /I _. \ / f\ \^m\\ ^ KJ-^) {\- X1'Y\n{cmCt2{\~a,)l cmc2{\- X'^)) 
Here cmci, cmc2 and cmci2 denote the experimental cmc values of the 
surfactants 1, 2, and their binary mixtures, respectively, X,"' being the micellar 
mole fraction of surfactant 1 (G) in the mixed micelle. The attractive 
interaction between the two surfactants in the mixed micelle is accompanied by 
the decrease of energy, which is measured in terms of interaction parameter /?", 
given by 
m _ ]n{cmc,2a, / cmc,X1') _ \n{cmc 12(^2^ ^ ^^2^2) (3 3) 
_ ^^_xi<f ~ {\-X'^f 
pr is an indicator of degree of interaction between two surfactants in mixed 
micelles relative to the self interaction of two surfactants under similar 
conditions before mixing and accounts for deviation from ideality. The (T is 
negative (Tables 3.1-3.3), which can be ascribed to the interaction between the 
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head groups leading to electrostatic stabilization. The larger the negative value 
of pr, the stronger is the attractive interaction between two surfactant 
molecules. The fT is an energetic parameter which represents excess Gibbs free 
energy of mixing; and reflects two main contributions towards mixed 
micellization, (1) free energy contribution associated with interactions between 
hydrophobic groups of surfactants 1 and 2 in the micelle core, which, in case of 
two hydrocarbon based (or fluorocarbon based) surfactants, are zero; and (2) 
electrostatic interactions between the charged hydrophilic groups of surfactants 
1 and 2. The activity coefficients, fT-, of the two surfactants within the mixed 
micelle are related to the interaction parameter through equations 
/ / =exp{y5'"(l-X;)'} (3.4a) 
//=exp{y9'"(^r)'} (3.4b) 
The values of y9" (Tables 3.1-3.3) for all the binary combinations are negative 
indicating that interactions between the two surfactants after mixing are more 
attractive (or less repulsive) than before mixing (i.e., synergistic interaction). 
The p" values, although not constant for all the binary combinations throughout 
the concentration ranges, are all negative (see Table 3.5 for average values), 
suggesting strong synergism in the mixed micelle formation. Least synergism 
is observed in G-Brij56 and highest in G-AOT systems. Cationic Geminis 
should bind tightly, via electrostatic and hydrophobic forces, to the anionic 
surfactant AOT and hence the highest attraction. However, the existence of 
synergism in mixtures containing surfactants depends not only on the strength 
of interaction but also on the relevant properties of individual surfactants of the 
mixture [48]. 
Comparison of average y9"„v values reveals that the interaction parameter 
is highest for G5-conventional surfactants among G4, G5 and G6 in all the 
three cases (Table 3.5), while it is least for Gemini-nonionic combinations. The 
Gemini monomers in solution exist in cis conformation to allow for the 
intramolecular interaction between two alkyl chains of the molecule. The 
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existence of cis conformation in Gemini G5 presents least conformational 
strain, which allows for maximum interaction among OS-conventional binary 
systems, thus exhibiting highest synergism [30]. The micellar mole fraction of 
the Gemini surfactants {XD is higher in the mixed micelle even in the poor 
region of the Geminis (Figs. 3.15-3.17), thus indicating their higher propensity 
towards micellization. Among the binary combinations, least attractive 
interaction is observed in the Gemini-nonionic and highest in the Gemini-
anionic. For Gemini-anionic, opposite charges usually exhibit highest 
electrostatic interaction whereas in Gemini - cationic, interaction of N"^  with TT-
electron cloud of pyridine ring exists, besides hydrophobic interactions. The 
nonionic surfactant Brij56 with poly(oxyethylene) has a large number of 
oxygen atoms with lone pair of electrons and will have a tendency to interact 
Coulombically with the cationic Gemini surfactants. However, due to presence 
of this long oxyethylene head group, thermal vibrations might be imposing 
some steric constraints restricting the effective head group interactions between 
Geminis and the nonionic surfactant and hence lead to the lesser values of 
interaction parameter. 
The micellar mole fractions (Xi'") of the Geminis are higher than the 
conventional surfactants (Tables 3.1-3.3), which are well supported by their 
activity coefficients (Tables 3.1-3.3), calculated from Eq (3.4). The activity 
coefficients (/}"") of the Geminis are reasonably higher than the conventional 
surfactant (Z^ *"), though both are less than unity, indicating nonideal behavior 
and attractive interaction between surfactants in the micelle. The highest 
deviation in //'" and /}*" is found in Gemini-AOT whereas least deviation is 
found in the Gemini-Brij56 binary systems (which is also supported by the 
values of Xry, these are in conformity with the earlier findings of Enrico et al. 
[49]. The lowest interaction is found in the Gemini - Brij56 which shows that 
long range electrical interactions are absent. According to Maeda [50] and Ruiz 
et al. [51], both chain- chain and head group-head group interactions may 
operate in mixed systems. Maeda [50] suggested another parameter B;, the 
chain-chain interaction parameter, which contributes to the stability of mixed 
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micelles; this parameter is neglected by p" which encompasses only head-
head interactions. 
The free energy of micellization (AG^MaedaX as a function of ionic 
component in the mixed micelle Xi"", is given by 
AG°Moeda=RnBo+B,Xr+B2{Xrf] (3.5) 
where Bo = \nC2 (C2 is the cmc of nonionic surfactant) 
B1+B2 = \n(Ci/C2) (Ci is cmc of ionic surfactant) 
B2 = -/r 
The parameter Bi, as per Maeda's model, is related to the standard free energy 
change associated with the introduction of ionic species into nonionic micelle 
coupled with the release of one nonionic species from the micelle. Thus it 
consists of two different contributions- the interactions between head groups 
and between hydrocarbon chains. In case of G4, G5 and G6, the chain lengths 
are comparable with Brij56, then a negative value of 5/ is determined primarily 
by the interaction between head groups (chain-chain interactions are 
negligible). This explains the negative values of B/ obtained throughout the 
bulk mole fraction range (G4-Brij56: -3.53, -2.81,-2.79, -2.94,-2.45; G5-Brij56: 
-6.11, -5.21, -5.18, -5.11, -15.34 and G6-Brij56: -2.74, -2.56, -2.42, -2.29, 
-2.33) in the systems. The highest negative values ofB/ for G5-Brij56 confirm 
its stability in comparison to G4 and G6 counterparts. 
Another theoretical model by Maeda [52] is based on the Gibbs-Duhem 
equation to predict the excess free energy (g^ )^ of the ionic-nonionic mixed 
micelles. This model relates g" with X/^ (micellar mole fraction of ionic 
surfactant) as 
g^=;r;^+ln/;+( 1 -J^;'^)ln/, (3.6a) 
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Xf' = 
^ n n ..wdincfftc„,^ 
(3.6b) 
The activities of ionic («/) and nonionic (a^) components are calculated from 
ai={a,cmc„i/Ci) 
a2=(l-a,)cmc,„iy/C2 
and then yff^ ""'^ " from 
(3.6c) 
(3.6d) 
(3.6e) 
In the above equations, C/, C2 and cmc„i:, are the cmc's of ionic (Gemini), 
nonionic (Brij56) surfactants and their mixture, respectively, and g/ is 
counterion binding constant (details ahead). 
Table 3.6 shows that the micellar mole fractions {Xi'^) are higher than 
the corresponding stoichiometric mole fractions (ac)- For all the systems, j^"^''" 
and g^ values are negative throughout (Table 3.6), which increase with the 
mole fraction of nonionic surfactant, indicating synergism. The average f^"^'^ 
values (Table 3.5) also confirm least conformational strain with highest 
interaction from G5-Brij56 compared to G4-Brij56 and G6-Brij56. The 
difference in p values (obtained from Rubingh's and Maeda's models) is 
ascribed to counterion binding which has been neglected while using Rubingh 
Eq. (3.3). The excess free energy is highest for G5-Brij56 (Table 3.6), which 
shows the maximum deviation for this system. A comparison between the 
interaction parameters using theoretical models of Rubingh and Maeda is 
presented in the Table 3.5. 
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Counterion binding (g,) 
In ionic micelles, the layer just adjacent to the surface of the micelle is 
known as Stem layer to which counterions are bound strongly and migrate with 
micelles in an electrical field, as influence of thermal agitation is negligible on 
it. Following the procedure of Evans [53], the counterion association {gs) 
properties of the pure and mixed micelles have been evaluated from the degree 
of dissociation {g2, obtained from the ratio of post- to pre-micellar slopes using 
the specific conductance (K) isotherms). In case of G-AOT, much lower 
counterion association (Tables 3.1-3.3) may be attributed to the complex 
formation, which reduces charge density. Among G4, G5 and 06, G5-A0T 
shows slightly higher counterion association (Tables 3.1-3.3), again showing 
the least conformational strain in G5. Decreased surface charge density of the 
micelles with increased molecular heterogeneity of mixed surfactant systems 
may occur due to increased micellar size by interamphiphile repulsive 
interactions. The increased counterion association reduces cmc. 
Properties of surfactant mixtures at air/water interface 
Due to the presence of hydrophobic effect, surfactant molecules get 
adsorbed at interfaces, even at low surfactant concentrations; as a result, the 
surface tension of water decreases. Dynamic equilibrium exists between the 
adsorption and desorption (due to thermal motions). Surfactant adsorption may 
occur due to electrostatic interaction, van der Waals interaction, hydrogen 
bonding, and/or solvation and desolvation of adsorbate and adsorbent species. 
The concentration of surfactant is always more at the surfaces than that in the 
bulk. The amount of surfactant adsorbed per unit area of the surface can be 
calculated with the help of Gibbs adsorption equation. 
For surfactant mixtures in water, the Gibbs surface excess is related to 
surface pressure K{= jo- js, where y^  and js are surface tensions of pure solvent 
and solution) by the relation dn=Y, r,/?rdlnfl, (/} is surface excess, cr, is activity 
of the /th component at temperature T). The surface excess r„ax (mol m"^ ) is an 
57 
effective measure of adsorption at air /water interface. The values of surface 
excess and minimum area per molecule, A„i„ (A ), were calculated using Eqs. 
(3.7) and (3.8) [54] 
rn,a.=-(l/nRT)dy/dlnc (3.7) 
A„^„=\0''/N,r^^ (A') (3.8) 
where dy/dlnc is the maximum slope and c and A^^ are concentration and 
Avogrado's number, respectively. The slope of the tangent near the cmc of y vs 
Inc has been used for the calculation. The number of species whose 
concentration at the interface vary with the surfactant bulk phase concentration 
(n) were taken as 3 [12]. Surface excess is a measure of effectiveness of the 
surfactant adsorption and has number of applications such as in ore floatation, 
improved oil recovery, in situ and ex situ soil remediation, detergency, wetting, 
surfactant based separation processes (as coherently packed interfacial films 
have different properties from that of noncoherent loosely packed films). 
The minimum area per molecule is higher in mixed surfactant systems 
than the conventional surfactants but lower than the pure Gemini surfactants 
except in few cases (Tables 3.7-3.9), and is also lower than the ideal one. 
Theoretical A"'^"'mi„ values can be calculated (assuming ideal mixing) by the 
equation A'^"°'„i„ = I-ajAj, where a, refers to the mole fraction of component / in 
the bulk solution and A,- designates the experimental A„i„ value of component / 
in its pure state. The low A„i„ values (Tables 3.7-3.9) suggest that air/water 
interface is close packed and therefore the orientation of the surfactant 
molecules is almost perpendicular to the interface. In case of G-CPC, with 
decrease in G concentration, the A„i„ value generally decreases and r„^_^ 
increases, for the reasons: (a) G is bigger in size, (b) increase in CPC 
concentration increases delocalized TC- electron interaction with the Gemini, and 
(c) additional TC- K aromatic interactions between CPC head groups leads to 
decrease in A„i„ [55]. In case of G-Brij56, insertion of Brij56 monomers will 
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increase Amm, but at the same time reduce the self repulsion of cationic and 
nonionic surfactants upon mixing, due to dilution effects, and some ion-dipole 
interaction after mixing; while in case of G-AOT, high A„i„ is due to bulky 
AOT molecules and branching close to hydrophilic group and less interaction 
of AOT due to large surface area (see Scheme 1). 
Surfactant- surfactant interactions at air/water interface 
The interfacial compositions (A'/'^  and interaction parameters (/T) 
between two surfactant molecules in the mixed monolayer were determined 
(Tables 3.7-3.9) using Rosen's approach [54,56]. For an ideal monolayer, 
amphiphile-amphiphile interaction parameter /f is zero, and negative or 
positive for synergistic and antagonistic interactions, respectively. This can be 
obtained from the surface tension isotherms of aqueous solutions of the 
individual surfactants and their mixtures. From the analogy with the derivation 
of Rubingh's equation, the mole fraction of surfactant 1 in solution, «/, is 
related to its mole fraction in mixed monolayer, Xi", by the equation 
{X:fln\ qx", 
[\-X'',pn ^C„(\-cc,)^ qa-xi) 
= 1 (3.9) 
where C/ and C / are the molar concentrations in the solution phase and C12 ^ in 
the mixture. The interaction parameter /^ in the mixed monolayer at the 
air/aqueous solution interface is given by 
jf=\n(C,2'a/C,%y(l-Xn' (3.10) 
The activity coefficients f" and y^*^  of the surfactants in the mixed monolayer 
are related to jSf as 
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//•^^exp/^rZ-^/TV (3.11a) 
f{-tx^{0'(Xrf} (3-llb) 
In the mixed micelles, X2"' values are less than XT (Tables 3.1-3.3), showing 
more propensity of the Gemini surfactants towards micellization whereas in 
monolayer, X2' are almost equal to or greater than X" (Tables 3.7-3.9). From 
the use of Rosen's formulation, less mole fraction of Gemini (compared to bulk 
mole fraction) is incorporated into the mixed monolayer, depicting its greater 
micellization tendency. The calculated values of surface interaction parameters 
{0^ are negative (Tables 3.7-3.9). The negative ^ values, in case of Gemini-
CPC, indicate an overall attractive interaction between the two surfactants; the 
van der Waals interaction between hydrophobic tails is, therefore, the 
prevailing factor over electrostatic repulsion. These negative values of ^ show 
synergism in mixed monolayer formation. Among all the three systems of G4-
conventional, G5-conventional, and G6-conventional, only Gemini-Brij56 
combinations show greater negative values of/fav than their y9^ ov values (Table 
3.5), indicating more interactions between the surfactants in mixed monolayer 
than in mixed micelles. The other combinations between Gemini-conventional 
ionics show more interactions in mixed micelles than in mixed monolayers. For 
ionic-nonionic surfactant systems, 0av is more than /fav, because reduction of 
electrostatic repulsion of the ionic groups is more effective at the planar 
air/aqueous solution interface than at the convex micelle surface [54,57]. 
Opposite trend in the Gemini-conventional ionic surfactant systems might be 
due to following reasons: a) similar charged head group of CPC, giving more 
contribution to head-head repulsions in Gemini-CPC system without any 
effective compensation through hydrophobic interactions as prevalent inside 
the mixed micelles; b) though electrostatic interactions are favorable in 
Gemini-AOT systems, the bulky head group of AOT molecule together with 
the branching in the vicinity of head group increases unfavorable steric 
contribution to form mixed monolayer where freedom of molecules is not as 
restricted as in case of mixed micelles. 
60 
The surface area of amphiphiles in mixed micelles can be used to find 
out the packing parameter, p (= Vo^lcAmin, VQ is the volume of exclusion per 
monomer in the aggregate — given by Tanford's formula [48] VQ = [27.4 + 
26.9(nc-l)]2 A^—, /c= 1.54 + 1.26(«c - 1) A is the maximum chain length, and 
ric is the number of carbon atoms in the hydrocarbon chain) [58]. The packing 
parameter determines the geometry of micelles and indicates minimum sized 
aggregates in solution, which minimizes the Gibbs free energy of micellization. 
The low values of packing parameter 0?<l/3) in case of G-AOT, G-Brij56 
indicate spherical micelle formation whereas in the G-CPC mostly 
nonspherical micelles are formed. In Gemini-Brij56, the size of the mixed 
micelles in the solution is mainly determined by the repulsions between head 
groups due to steric origin for oxyethylene head groups and of electrostatic 
origin for quaternary ammonium head groups and also by the packing 
parameters of the surfactants composing the mixture. The unique behavior in 
the packing parameter is observed at equal concentrations of the Geminis 
(G4,G5,G6) and conventional surfactants. For these surfactants, the ratio Fo//, 
is constant and only the Amm makes the difference in their packing parameter. 
Thermodynamics of micellization and interfacial adsorption phenomenon 
The standard free energy of micellization per mole of monomer unit 
(AG°w) for the binary combinations in case of ionic Gemini surfactants is 
related to cmc through the equation [59] 
^G°„r{'i-2g2)R'nr^X,„, (3.12) 
Xcn,c is cmc in mole fraction units and g2(=l-g/) is the degree of dissociation. 
The l^G°r„ values (Tables 3.10-3.12) reveal that all the binary systems have 
considerable spontaneity of micellization. The standard free energy of 
micellization (AG°n,) is translated into the standard free energy of adsorption 
(AG°„rf) at the air/water interface using Eq (3.13) [60] 
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(A(fa,) = (AG\H7tcn,/rn,a.) (3.13) 
where Ttcmc is the surface pressure at cmc. 
Both AG^„ and AC'^ad are negative and their magnitudes reveal the latter 
to be more spontaneous due to hydrophobicity of amphiphiles, which leads 
them towards air/water interface. From this it is concluded that micelle 
formation is secondary and less spontaneous compared to adsorption. The 
adsorption tendency of G-AOT is least due to strong electrostatic interaction 
between opposite charges. 
The synergism in the mixed adsorbed monolayer formation can also be 
quantified in terms of another thermodynamic quantity, known as free energy 
(^mmi.-^minycmcNA) of a surfacc at equilibrium [61] {jcmc is the surface tension 
of the surfactant system at equilibrium). Thus C^mi„ not only contains 
contribution of/i;n,„but also of jcmc which affects mixed monolayer formation, 
hence synergism. It may be defined as work needed to make a surface area per 
mole or free energy change accompanied by transition from the bulk phase to 
the surface phase of solution. The lower the value of free energy, the more 
thermodynamically a stable surface is formed or the more surface activity is 
attained, which is a measure of evaluation of synergism. Since the obtained 
values are lower in magnitude (Tables 3.10-3.12), it can be inferred that 
thermodynamically stable surfaces are formed with synergistic interactions 
with all the three Geminis. 
The excess free energy of micellization, AGex, 
AG,,={X,\nf,+{\-X,)\nf2\RT, (3.14) 
in case of G-CPC and G-Brij56 is lower compared to G-AOT, whereas in case 
of G-CPC, with increase in concentration of CPC, stability of micelles 
increases (Tables 3.10-3.12) in accordance with their interaction parameters. 
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Conclusions 
Mixing of Gemini surfactants with conventional surfactants are 
important from industrial as well as research point of view, because their 
properties get blended with enhancement of micellar and surface properties. 
Following are the main conclusions of the studies carried out on the mixed 
micellization and monolayer formation of Geminis (G4,G5,G6) with CPC. 
AOT and Brij56. 
1. The cmc values of binary mixtures are less than the ideal cmc values 
obtained by the use of Clint equation 
2. The micellar mole fractions of the Gemini surfactants are higher than the 
conventional surfactants, even in the poor region of Geminis, showing 
more propensity of Geminis towards micellization. 
3. Highest synergism in mixed micelle formation is observed in G-AOT 
and lowest in G-Brij56. 
4. Among the three Geminis (G4, G5, G6), the highest synergistic 
interaction observed between G5-conventional surfactants is rationalized 
in terms ofcis conformation with the least conformational strain. 
5. The interaction parameters in the micelle as well as at interface are 
negative, indicating synergistic interactions. 
6. In case of the G-AOT, low counter ion association is due to complex 
formation, which reduces the charge density. 
7. All the binary mixtures have considerable spontaneity of adsorption 
with G-CPC having the highest and G-AOT having the least. 
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Table 3.1: Micellar parameters (experimental average and ideal cmc values, 
cmcexp and cmcjdeai, interaction parameter, activity coefficients and counterion 
binding constant) of Gemini G4 with conventional surfactants in binary 
mixtures at 25 °C. 
(mM) 
cmCideal 
(mM) 
Systein:G4(l)-CPC(2) 
1.0 0.028(0.027)'' 
0.8 0.028 
0.7 0.021 
0.6 0.024 
0.5 0.024 
0.4 0.026 
0.3 0.027 
0.0 1.03(1.06)' 
0,031 
0,035 
0,040 
0.047 
0.056 
0.065 
0.089 
1.03 
System:G4(l)-AOT(2) 
0.9 0.008 
0.8 0.009 
0.6 0.010 
0.4 0.011 
0.3 
0.0 0.68(0.64)*^ 
0.031 
0.035 
0.046 
0.054 
0.057 
0.68 
System:G4(l)-Brij56(2) 
0.8 0.018 
0.7 0.021 
0.6 0.021 
0.5 0.021 
0.4 0.024 
0.0 0.051(0.04)' 
0.033 
0.034 
0.036 
0.038 
0.051 
xr 
0.77 
0.76 
0.74 
0.71 
0.68 
0.65 
0.70 
0.69 
0.66 
0.62 
0.69 
0.66 
0.62 
0.56 
0.52 
"Average of the values obtained by 
measurements. 
r 
-7.03 
-6.35 
-5.99 
-6.29 
-6.47 
-6.95 
-11.18 
-9.96 
-9.36 
-9.83 
-9.74 
-2.96 
-2.23 
-2.22 
-2.37 
-1.88 
surface 
Jl 
0.685 
0.691 
0.675 
0.594 
0.527 
0.430 
0.369 
0.381 
0.331 
0.235 
0.229 
0.756 
0.778 
0.721 
0.639 
0.649 
tension 
J2 
0.015 
0.025 
0.036 
0.041 
0.047 
0.052 
0.004 
0.009 
0.017 
0.023 
0.028 
0.239 
0.372 
0.432 
0.467 
0.597 
gi 
0.657 
0.657 
0.412 
0.551 
0.491 
0.358 
0.364 
0.542 
0.141 
0.121 
0.081 
0.079 
0.339 
0.253 
0.373 
0.242 
0.113 
and conductivity 
'Ref [33], 'Ref [37], '*Ref [38], "Ref [39]. 
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Table 3.2: Micellar parameters (experimental average and ideal cmc values. 
cmCexp and cmcideah interaction parameter, activity coefficients and counterion 
binding constant) of Gemini G5 with conventional surfactants in binary 
mixtures at 25 °C. 
0-G4 cmcexi 
(mM) 
System:G5(l)-CPC(2) 
1.0 
0.8 
0.6 
0.5 
0.4 
0.2 
0.031(0.036)^ 
0.014 
0.012 
0.014 
0.015 
0.015 
CmCideal 
(mM) 
1 
0.031 
0.045 
0.059 
0.069 
0.086 
0.158 
Systeni;G5(l)-AOT(2) 
0.9 
0.8 
0.7 
0.5 
0.4 
0.3 
Systei 
0.8 
0.6 
0.5 
0.4 
0.2 
0.005 
0.005 
0.008 
0.009 
0.009 
0.009 
0.039 
0.045 
0.051 
0.058 
0.067 
0.084 
m:G5(l)-Brij56(2) 
0.012 
0.013 
0.013 
0.014 
0.014 
0.038 
0.041 
0.042 
0.044 
0.047 
•^1 
0.706 
0.657 
0.643 
0.627 
0.592 
0.663 
0.640 
0.648 
0.615 
0.596 
0.576 
0.612 
0.555 
0.525 
0.495 
0.469 
0" 
-7.03 
-6.35 
-5.99 
-6.29 
-6.47 
-6.95 
-13.59 
-13.31 
-10.72 
-10.77 
-11.18 
-11.59 
-10.01 
-10.05 
-9.16 
-11.18 
-10.11 
ji 
0.685 
0.691 
0.675 
0.594 
0.527 
0.430 
0.215 
0.179 
0.265 
0.202 
0.161 
0.125 
0.429 
0.393 
0.348 
0.309 
0.015 
h 
0.015 
0.025 
0.036 
0.041 
0.047 
0.052 
0.002 
0.004 
0.011 
0.017 
0.019 
0.021 
0.121 
0.232 
0.274 
0.322 
0.038 
^i 
0.342 
0.657 
0.412 
0.551 
0.491 
0.358 
0.364 
0.139 
0.386 
0.231 
0.243 
0.395 
0.214 
0.271 
0.238 
0.157 
Average of the values obtained by surface tension and conductivity 
measurements. 
"Ref [33]. 
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Table 3.3: Micellar parameters (experimental average and ideal cmc values. 
cmCexp and cmCjdeah interaction parameter, activity coefficients and counterion 
binding constant) of Gemini G6 with conventional surfactants in binary 
mixtures at 25 °C. 
0-C6 CmCexp 
(mM) 
Systein:G6(l)-CPC(2) 
1.0 
0.8 
0.6 
0.5 
0.4 
0.3 
0.2 
0.034(0.043)'' 
0.031 
0.038 
0.037 
0.044 
0.049 
0.051 
cmCideal 
(mM) 
0.042 
0.055 
0.065 
0.080 
0.100 
0.140 
System:G6(l)-AOT(2) 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.006 
0.007 
0.009 
0.009 
0.009 
0.011 
0.042 
0.047 
0.054 
0.064 
0.078 
0.100 
System:G6(l)-Brij56(2) 
0.8 
0.7 
0.6 
0.4 
0.3 
0.024 
0.024 
0.025 
0.026 
0.028 
0.036 
0.037 
0.039 
0.042 
0.044 
xr 
0.832 
0.796 
0.744 
0.727 
0.689 
0.634 
0.653 
0.643 
0.637 
0.619 
0.602 
0.585 
0.701 
0.649 
0.601 
0.501 
0.444 
(T 
-4.8140 
-4.1530 
-4.8005 
-4.4650 
-4.6740 
-5.5105 
-12.206 
-11.395 
-10.307 
-10.528 
-10.694 
-10.595 
-2.332 
-2.146 
-2.004 
-1.877 
-1.919 
0.873 
0.841 
0.731 
0.717 
0.637 
0.478 
0.231 
0.234 
0.258 
0.218 
0.184 
0.162 
0.812 
0.768 
0.727 
0.626 
0.553 
rm 
h 
0.035 
0.071 
0.069 
0.094 
0.108 
0.109 
0.005 
0.009 
0.015 
0.017 
0.021 
0.026 
0.317 
0.404 
0.485 
0.624 
0.684 
.?/ 
0.591 
0.558 
0.474 
0.478 
0.388 
0.321 
0.298 
0.353 
0.115 
0.064 
0.259 
0.157 
0.351 
0.294 
0.286 
0.199 
0.092 
Average of the values obtained by surface tension and conductivity 
measurements. 
"Ref [33]. 
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Table 3.4: Xi"^'"^ values calculated using Motomura equation for the three 
Gemini- conventional surfactant systems 
«G 
Gemini G4 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
Gemini G5 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
Gemini G6 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
G-CPC 
0.98 
0.98 
0.98 
0.97 
0.96 
0.93 
0.98 
0.98 
0.97 
0.95 
0.93 
0.99 
0.98 
0.97 
0.96 
0.95 
0.92 
0.88 
V- ideal 
^ l 
G-AOT 
0.99 
0.99 
0.97 
0.96 
0.94 
0.98 
0.98 
0.97 
0.95 
0.93 
0.90 
0.98 
0.97 
0.96 
0.95 
0.93 
0.89 
0.83 
G-Brij56 
0.87 
0.81 
0.73 
0.64 
0.54 
0.98 
0.97 
0.96 
0.95 
0.93 
0.85 
0.77 
0.69 
0.60 
0.50 
0.39 
0.27 
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Table 3.5: Comparison between the average interaction parameters for various 
Gemini-conventional surfactant mixtures obtained using Rubingh, Rosen and 
Maeda's methods. 
System jTa, ^av f' 'aeda av 
G4-CPC -6.51 -2.45 
G4-AOT -10.23 -5.44 
G4-Brij56 -2.34 -3.86 -0.283 
G5-CPC -9.87 -7.72 
G5-A0T -11.86 -3.98 
G5-Brij56 -6.90 -9.68 -0.708 
G6-CPC -5.51 -3.69 
G6-A0T -10.95 -2.11 
G6-Brij56 -2.05 -4.98 -0.528 
72 
Table 3.6: Micellar composition {X]^}, excess free energy (g"), activities of 
ionic (Gemini) and nonionic (Brij56) («/, 02 ), and interaction parameter from 
Maeda's model. 
o-c Xi 
System:G4(l)-Brij56(2) 
0.8 0.844 
0.7 0.765 
0.6 0.649 
0.5 0.571 
0.4 0.491 
System:G5(l)-Brij56(2) 
0.8 0.856 
0.6 0.667 
0.5 0.571 
0.4 0.481 
0.2 0.278 
Systein:G6(l)-Brij56(2) 
0.8 0.842 
0.7 0.663 
0.6 0.562 
0.4 0.382 
0.3 0.278 
r 
-0.459 
-0.424 
-0.506 
-0.582 
-0.474 
-1.027 
-1.109 
-1.157 
-1.153 
-
-0.356 
-0.481 
-0.495 
-0.471 
-0.439 
a] 
0.466 
0.451 
0.404 
0.322 
0.306 
0.281 
0.237 
0.198 
0.163 
0.083 
0.596 
0.443 
0.377 
0.254 
-
«2 
0.005 
0.009 
0.012 
0.015 
0.022 
0.003 
0.007 
0.009 
0.012 
0.016 
0.007 
0.011 
0.014 
0.024 
-
rJi/laeda 
-0.084 
-0.131 
-0.273 
-0.437 
-0.491 
-0.172 
-0.553 
-0.867 
-1.241 
-
-0.066 
-0.244 
-0.385 
-0.761 
-1.136 
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Table 3.7: Interfacial composition (Xi% interaction parameter at interface (^J. 
activity coefficients {ff), surface tension at cmc (ycmc), surface excess {r,„a.x), 
minimum area per molecule iA„i„), and packing parameter (p) of Gemini G4 
with conventional surfactants at 25 °C. 
0-G4 xr /r f," 
System: G4 (l)-CPC (2) 
1.0 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.0 
0.614 
0.554 
0.486 
0.437 
0.427 
0.177 
-1.64 
-0.81 
-3.12 
-2.29 
-4.51 
0.23 
0.783 
0.851 
0.439 
0.484 
0.228 
1.167 
System: G4 (l)-AOT(2) 
0.9 
0.8 
0.6 
0.4 
0.3 
0.0 
0.721 
0.642 
0.577 
0.523 
0.518 
-4.60 
-5.53 
-5.64 
-5.99 
-6.54 
0.698 
0.493 
0.364 
0.255 
0.156 
System:G4(l) -Brij56 (2) 
0.8 
0.7 
0.6 
0.5 
0.4 
0.0 
0.484 
0.438 
0.393 
0.334 
0.311 
-5.73 
-3.91 
-3.69 
-2.82 
-3.25 
0.217 
0.286 
0.256 
0.285 
0.212 
/ / 
0.778 
0.477 
0.645 
0.438 
1.007 
0.092 
0.102 
0.152 
0.193 
0.133 
0.261 
0.478 
0.564 
0.729 
0.731 
ycmc 
(mNm-') 
49.16 
52.97 
52.34 
49.07 
48.25 
46.23 
56.45 
31.13 
52.23 
45.21 
50.62 
50.89 
54.49 
40.23 
41.4 
52.34 
49.07 
48.25 
46.23 
32.84 
1^ ' max ^min' 
(molm-^) A'^'^'^IAA') 
1.03 
1.38 
1.56 
1.72 
2.40 
2.10 
2.42 
2.32 
2.08 
3.04 
1.18 
1.53 
1.40 
1.42 
1.26 
1.11 
1.08 
1.26 
1.87 
161.2 
120.2/143.6 
106.3/134.6 
96.8/125.6 
69.3/116.6 
79.1/107.6 
68.5/98.6 
71.5 
79.8/158.6 
118.1/155.6 
140.2/149.6 
145.7/143.3 
83.9/140.5 
131.4 
116.9/147.1 
131.3/139.7 
150.2/132.4 
153.6/125.1 
132.2/117.9 
88.6 
P 
0.137 
0.175 
0.198 
0.217 
0.304 
0.266 
0.307 
0.398 
0.264 
0.178 
0.151 
0.144 
0.251 
0.181 
0.161 
0.141 
0.137 
0.159 
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Table 3.8: Interfacial composition {Xf), interaction parameter at interface (Jf), 
activity coefficients {ff), surface tension at cmc [ycmc), surface excess {F^ax), 
minimum area per molecule {Amm\ and packing parameter (/?) of Gemini G5 
with conventional surfactants at 25 °C. 
O.G5 
System 
1.0 
0.8 
0.6 
0.5 
0.4 
0.2 
System 
0.9 
0.8 
0.7 
0.5 
0.4 
0.3 
System 
0.8 
0.6 
0.5 
0.4 
0.2 
xr P' 
: G5(1)-CPC(2) 
0.484 
0.438 
0.415 
0.368 
0.314 
-8.34 
-8.48 
-8.09 
-5.97 
-4.26 
: G5(l)-AOT(2) 
0.754 
0.626 
0.625 
0.559 
0.530 
0.480 
-3.56 
-6.34 
-4.28 
-4.15 
-3.28 
-2.28 
f," 
0.109 
0.068 
0.063 
0.092 
0.085 
0.806 
0.413 
0.548 
0.447 
0.486 
0.548 
i: G5(l)-Brij56(2) 
0.521 
0.505 
0.489 
0.447 
0.431 
-10.56 
-10.05 
-9.16 
-11.18 
-10.11 
0.100 
0.106 
0.054 
0.045 
0.025 
ff 
0.141 
0.195 
0.246 
0.444 
0.489 
0.131 
0.083 
0.187 
0.272 
0.395 
0.582 
0.064 
0.096 
0.069 
0.132 
0.231 
Jcmc 
(mNm-') 
51.96 
50.94 
37.13 
37.15 
41.72 
44.22 
51.99 
48.81 
44.61 
51.77 
55.06 
58.56 
43.50 
39.91 
45.57 
46.36 
47.32 
loV 
^ " ^ max 
(molm"^) 
1.01 
1.30 
1.42 
1.76 
1.82 
1.88 
1.31 
1.14 
1.24 
1.21 
1.09 
2.25 
1.31 
1.25 
1.37 
1.32 
1.29 
A • 1 
163.6 
127.5/148.5 
117.5/133.4 
94.4/125.9 
91.4/118.4 
88.3/103.3 
127.5/154.6 
145.7/145.6 
133.5/136.6 
137.6/118.6 
152.7/109.6 
73.7/100.7 
126.3/156.7 
132.8/149.8 
121.0/146.3 
125.7/142.9 
129.2/136.1 
P 
0.261 
0.332 
0.363 
0.443 
0.461 
0.472 
0.332 
0.291 
0.313 
0.301 
0.273 
0.574 
0.332 
0.321 
0.353 
0.332 
0.324 
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Table 3.9: Interfacial composition (Xi"), interaction parameter at interface (/Ty. 
surface excess {F^ax), minimum area per molecule (A„i„), and packing 
parameter (p) of Gemini G6 with conventional surfactants at 25 °C. 
«C6 
System 
1.0 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
x," ^ 
:G6(l)-AOT(2] 
0.57 
0.55 
0.50 
0.46 
0.34 
0.26 
0.18 
-4.43 
-2.67 
-3.45 
-2.96 
-0.44 
-0.38 
-0.46 
fa 
Jl 
1 
0.45 
0.58 
0.42 
0.42 
0.83 
0.81 
0.73 
System:G6(l)-Brij56(2) 
0.8 
0.6 
0.5 
0.3 
0.2 
0.62 
0.64 
0.62 
0.51 
0.47 
-4.04 
-4.58 
-4.03 
-5.81 
-6.13 
0.69 
0.55 
0.56 
0.25 
0.19 
System:G6(l)-CPC(2) 
0.8 
0.6 
0.5 
0.4 
0.3 
0.2 
0.57 
0.52 
0.49 
0.45 
0.43 
0.37 
-7.09 
-5.63 
-5.87 
-3.69 
-5.46 
-3.65 
0.27 
0.27 
0.22 
0.33 
0.17 
0.23 
/ / 
0.22 
0.44 
0.41 
0.53 
0.94 
0.97 
0.98 
0.13 
0.14 
0.21 
0.21 
0.24 
0.09 
0.21 
0.23 
0.45 
0.34 
0.60 
feme 
52.0 
40.8 
49.3 
46.4 
52.7 
50.8 
54.4 
45.2 
39.2 
37.0 
37.2 
37.2 
37.3 
36.1 
33.5 
42.3 
40.0 
49.4 
10^  r 
' " ^ max 
(molm"'^ ) 
2.4 
0.95 
1.3 
0.85 
1.32 
1.29 
1.25 
1.43 
1.42 
1.52 
1.47 
1.44 
1.14 
0.95 
2.59 
1.31 
1.36 
1.75 
A • 1 
200.12 
174.1/186.3 
127.2/179.5 
195.3/172.6 
125.7/165.8 
128.7/158.9 
132.8/152.1 
115.6/177.8 
116.4/155.5 
108.9/144.4 
112.4/133.3 
115.1/122.1 
145.1/174.4 
173.8/148.6 
64.2/135.8 
126.9/122.9 
121.1/110.1 
94.6/97.2 
P 
0.21 
0.24 
0.33 
0.21 
0.33 
0.32 
0.31 
0.36 
0.36 
0.38 
0.37 
0.36 
0.29 
0.24 
0.65 
0.33 
0.34 
0.44 
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Table 3.10: Thermodynamic parameters (free energy of micelUzation, free 
energy of adsorption, surface free energy, excess free energy and free energy of 
micellization from Maeda's approach) of Gemini G4 and conventional 
surfactants at 25 ""C. 
aG4 ^G°„ 
(kJmor') 
^G°ad 
(kJmor') 
System: G4(1)-CPC(2) 
1.0 -83.12 
0.8 -67.52 
0.7 -76.66 
0.6 -72.04 
0.5 -62.29 
0.4 
0.0 
-106.14 
-81.88 
-90.06 
-85.87 
-72.54 
System: G4(l)-AOT(2) 
0.9 -4.59 
0.8 -5.31 
0.6 -4.67 
0.4 
0.3 
0.0 
-13.99 
-24.92 
-23.39 
-
-
-
System: G4(l) -Brij56(2) 
0.8 -33.25 
0.7 -34.09 
0.6 -34.09 
0.5 -29.03 
0.4 -23.52 
0.0 
-61.99 
-55.23 
-63.99 
-54.42 
-44.53 
' - ' min 
(kJmor') 
47.86 
38.35 
33.52 
28.61 
20.14 
22.02 
13.41 
25.57 
32.19 
42.73 
44.47 
38.78 
31.85 
29.14 
41.38 
44.33 
44.61 
36.82 
17.52 
^Ge:c 
(kJmof') 
-3.18 
-2.91 
-2.83 
-3.19 
-8.66 
-4.03 
-2.86 
-2.58 
-2.51 
-1.84 
-4.03 
-2.86 
-2.58 
-2.51 
-1.84 
^G°Maeda 
(kJmol') 
-84.1 
-71.4 
-85.5 
-77.1 
-65.7 
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Table 3.11:Thermodynamic parameters (free energy of micellization, free 
energy of adsorption, surface free energy, excess free energy and free energy of 
micellization from Maeda's approach) of Gemini G5 and conventional 
surfactants at 25 °C. 
AG° ad 
(kJmol'') (kJmor') 
</„ /SG, 
(kJmor') (kJmor') 
^G°Maedo 
(kJmol"') 
System:G5(l)-CPC(2) 
1.0 
0.8 
0.6 
0.5 
0.4 
0.2 
-2.18 
-4.64 
-4.95 
-4.01 
-4.70 
-6.08 
System:G5(l)-AOT(2) 
0.9 
0.8 
0.7 
0.5 
0.4 
0.3 
-7.25 
-9.99 
-6.44 
-6.86 
-7.61 
-5.90 
-25.48 
-25.48 
30.09 
-24.30 
-21.81 
-21.29 
-23.23 
-31.05 
-29.11 
-24.30 
-23.93 
-12.22 
System:G5(l)-Brij56(2) 
0.8 
0.6 
0.5 
0.4 
0.2 
-5.27 
-4.67 
-4.04 
-5.01 
-6.27 
-29.70 
-25.82 
-22.73 
-23.71 
-17.21 
51.19 
39.12 
26.16 
21.13 
22.97 
23.52 
39.92 
42.85 
35.86 
42.92 
50.65 
26.01 
33.11 
31.99 
33.21 
35.11 
36.82 
-21.49 
-5.52 
-5.53 
-5.55 
-6.61 
-7.52 
-7.60 
-6.06 
-6.31 
-6.66 
-7.02 
-3.31 
-2.89 
-2.89 
-2.85 
-9.18 
/ 
-18.02 
-17.20 
-16.31 
-32.67 
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Table 3.12: Thermodynamic parameters (free energy of micellization. free 
energy of adsorption, surface free energy, excess free energy and free energy of 
micellization from Maeda's approach) of Gemini G6 and conventional 
surfactants at25°C. 
ace ^G\ 
(kJmof') 
AG\, 
(kJmor') 
System:G6(l)- CPC(2) 
0.8 -75.58 
0.6 -68.59 
0.5 -69.02 
0.4 -61.89 
0.3 -56.66 
0.2 -56.01 
-105.88 
-106.13 
-83.89 
-85.19 
-80.57 
-69.33 
System:G6(l)-AOT(2) 
1.0 -71.74 
0.8 -67.57 
0.7 -48.33 
0.6 -43.64 
0.5 -58.79 
0.4 -50.26 
-80.08 
-100.28 
-65.66 
-73.75 
-73.38 
-67.25 
System:G6(l)-Brij56(2) 
0.8 -61.82 
0.6 -57.68 
0.5 -57.01 
0.3 -50.46 
0.2 -42.61 
-80.02 
-80.63 
-79.96 
-74.51 
-67.25 
*-'' min 
(kJmor') 
32.60 
37.83 
12.97 
32.35 
29.22 
28.18 
62.70 
42.79 
37.84 
54.61 
39.91 
39.45 
31.92 
27.52 
24.29 
25.23 
25.84 
AGex 
(kJmor') 
-1.69 
-1.72 
-2.28 
-2.25 
-2.54 
-3.22 
-6.93 
-6.48 
-5.91 
-6.19 
-6.13 
-1.21 
-1.25 
-1.21 
-1.18 
-1.19 
AG°f^aeda 
(kJmor') 
-7.38 
-6.85 
-6.63 
-5.83 
-5.39 
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Chapter •- 4 
Mixed Micellization and Interfacial Behavior of 
Alkanediyl-ayObisicetyldimethylammonium bromide) 
Gemini Homologues 
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Symmetric Geminis {m-s-m\ whose properties are strongly affected by 
groups in their spacers have been studied extensively [1-5]. The separation 
between the polar head groups within a dimeric unit depends on the nature 
(flexibility) and length of the spacer [6-12]. Studies on the mixed micellization 
of Gemini surfactants with conventional ones have been described in Chapter 3 
and the results have revealed synergism in such systems, which are governed 
by head group and chain length variations. To our knowledge, no attempt has 
been made to study systematically the mixed micelle and mixed monolayer 
formations of Gemini homologues inspite of their better performance than the 
conventional ones. This has been the impetus behind the study presented in this 
Chapter. 
Since the properties of Gemini micelles are adjustable by their spacer 
length, the surfactant systems having similar hydrophobic chain length but 
dissimilar head groups in terms of spacer length were selected viz., 
tetramethylene-1,4-bis(A'-hexadecyl-//,A^-dimethylammonium bromide) (G4), 
pentamethylene-1,5-bis(A^-hexadecyA^,iVdimethylammoniumbromide) (G5), 
and hexamethylene-1,6-bis(A^-hexadecyl-A^,A^-dimethylammonium bromide) 
(G6). Several binary and ternary combinations of the surfactant mixtures were 
taken and their interfacial and bulk behavior was systematically studied. The 
ideality/nonideality of the selected combinations were tested in light of Clint 
[13], Motomura [14 ], Rubingh [15], and Rubingh-Hoiland [16] approaches 
with the aim to reveal the applicability of these approaches to binary and 
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ternary mixtures of the Gemini surfactants. The present study will be usefiil to 
understand the effect of spacer on the miceliar as well interfacial properties of 
such cationic-cationic dimeric surfactant mixtures in their binary and ternary 
combinations. These studies would be helpful in selection of such surfactants 
for use in different applications, such as phase transfer catalysis, preparation of 
colloidal nanoparticles, cosmetics, solubilization, foaming, etc. 
Results and Discussion 
Critical micelle concentration (cmc) 
The average cmc values of single, binary and ternary surfactant 
combinations of G6, 05 and 04, determined from surface tension {y) vs 
log[surfactant] and specific conductance {K) VS [surfactant] isotherms (Figs. 
4.1-4.8), are presented in Table 4.1. The data show that the cmc values of the 
binary and ternary systems are lower than the component cmc values indicating 
synergism in them. The cmc of 06, found to be higher than that of 04 and 05 
(constant within error limits), is in tune with the results reported earlier 
[17,18]. 
Mixed micelle formation 
For ideal mixing in muticomponent systems, the ideal cmc values, 
cmcideah were calculated using the Clint Eq. (4.1) [13] 
^lc'nc,^^^, = Y,atlcmc, (4.1) 
1=1 
where a, is the bulk mole fraction of the /th component in the mixed surfactant 
solution and cmci its critical micelle concentration in pure form. The data 
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(Table 4.1) clearly show that the cmce;^ ^ values are lower than the cmCideai values 
in all the binary and ternary mixtures indicating negative deviation from ideal 
behavior for mixed micelle formation. The micelle mole fraction in the ideal 
state {X/'''"') has been computed using Motomura Eq. [14]: X/"^'"' = 
[{aicmc2)l{aicmc2-^{\-ai)cmci\. Xi''''"' is found to be almost equal or slightly 
greater than the xr (see later), i.e. equal contribution from both surfactants in 
the micellization (Table 4.2, Fig. 4.4). The little difference between the Xi"^'"' 
and xr is due to the small difference in the cmc's and spacer length of the 
Geminis. The estimation of negative deviation of experimental cmc's from 
cmcideal, and hence nonideality of mixed binary surfactant systems, can be made 
in the light of Rubingh's Eq. (4.2) [15] (based on regular solution theory) 
{X'^f \n{cmcna, lcmc,X';') 
(1 -Xl'f In {cmc,2 {\-a,)l cmc2 (1 -X'l')} 
cmci, cmc2 and cmci2 denote the experimental cmc values of the surfactants 1. 
2 and their binary mixture, respectively, and Xi'" is the micellar mole fraction 
of surfactant 1 in the mixed micelle. The interaction parameter ^ , given by. 
m _ ]n{cmc,2a, Icmc,X1') _ ln(cmC;^ Qr^  /cmc^X'^) (4 3) 
{l-XI'f ' (l-^D' 
is an indicator of degree of interaction between the two surfactants in mixed 
micelles and accounts for deviation from ideality. A negative ^ value implies 
an attractive interaction. The activity coefficients, /T, of the individual 
surfactants within the mixed micelles are related to the interaction parameter 
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through the equations 
fr = exp{j3"0-X:y) (4.4a) 
//=exp{/?"'A';'} (4.4b) 
The slightly negative values ofy9" and very small deviations offj" from unity in 
case of binary systems (Table 4.3) indicate their almost ideal behavior for 
mixed micelle formation. 
The values of micellar mole fraction and interaction parameter for all 
the three binaries at various mole fractions are presented in Table 4.2. The 
results show that the interaction parameter, P^ although not constant, is 
negative throughout the mole fraction range (except for one combination of 
G6+G5 system) with average value of -0.44, -0.69 and -0.51, respectively, for 
G6+G5, G6+G4 and G5+G4 binaries suggesting synergism in all the systems. 
Although all the binaries contain positively charged surfactants, there is 
negative deviation from ideal behavior, which is in tune with the results 
reported for conventional cationic-cationic mixed systems [19-21]. The slightly 
negative value of jf in the present case might be due to increase in 
hydrophobic interaction of methylene groups of the spacer with hydrophobic 
nucleus of the micelle. The variation of micellar mole fraction, xr, of G6 in 
the mixed micelle, as a function of composition of surfactant mixtures, «/, 
(Table 4.2) suggests thatX" increases with increase in the mole fraction of G6 
in the mixture. From the table we can see that the micellar mole fraction of G6 
is always lower than that of bulk mole fraction in G6+G5 mixture but, in the 
other two binary mixtures, it is true only at higher mole fractions of G6. It has 
been reported [22] that increase in micellar mole fraction of 16-12-16 in the 
mixed micelles of 16-12-16 and G6 than in the bulk might be due the peculiar 
structure of such mixed micelles wherein a concentration distribution exists 
within the micelle. The 16-12-16, being more surface active, gets more 
concentrated in the surface region of the micelle while the G6 prefers to stay in 
the inner part. This situation is similar to the role of co-surfactants in the 
formation of microemulsions. In this connection we submit that in the mixed 
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micelles of G6+G4 and G5+G4, the Gemini, which is more surface active, 
would concentrate in the surface region of the mixed micelle. Surface tension 
at cmc, ycmo is a measure of surface activity of a surfactant. Higher y^mc of a 
surfactant indicates its less surface activity or more surface energy and vice 
versa. The surface activity of individual Gemini increases in the order of 
decreasing spacer length (Table 4.3). Keeping in view the rigidity of spacer, the 
increase in surface activity can be attributed to decrease in hydrophobicity of 
the head groups with decrease in spacer length. G4 being the most surface 
active (as evident from its fcm^ would concentrate in the surface region of the 
mixed micelles of G6+G4 and G5+G4. Because of this concentration 
distribution, the contribution of G4 in the mixed micelles of G6+G4 and 
G5+G4 will be more than that of G6 and G5. At higher bulk mole fractions of 
G6 and G5, most of the molecules are reluctant to form mixed micelles with 
G4 making their mole fractions in the mixed micelles much lower. But at their 
lower bulk mole fractions, their contribution towards mixed micelle formation 
is higher compared to their bulk mole fractions. The above justification, based 
on concentration distribution, is also supported by decrease in /T values at 
higher mole fractions of G6 and G5 in the respective mixtures with G4 (Table 
4.3). 
Rubingh and Holland [16] have proposed a generalized muticomponent 
nonideal mixed micelle model based on pseudo-phase separation approach. It 
has been successftilly applied in case of many ternary surfactant systems [16, 
23-25] for evaluation of micellar composition, activity coefficients and cmc's. 
It makes an effective use of net interaction parameters determined 
experimentally from cmc measurements on binary systems. According to this 
proposition, the activity coefficients yT, JT" ' -- of micelle forming surfactant 
species /,y,.... in an ^-component mixture are represented, on a general basis. 
by the equation 
•"/ = I A^r + Z I(/^+/?. -PMI^: (4-5) 
/-I i-\ *=l 
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where /?" represents the net (pairwise) interaction between components, and X" 
is the mole fraction of components in the micelles. At cmc, the relation 
^i T^r- (4.6) 
holds, where terms cwc, and cmcj are cmc values of the /th andyth components 
in their pure state. Interaction parameters p" can be obtained independently 
from binary mixtures using Rubingh method. The activity coefficients for a 
three component system, i.e.,//'",TS" and fi", at mixed cmc can be calculated 
from the above equations by using the method of successive substitutions, 
subject to the consfraint that the sum of XI" 's equals unity. The values offT so 
obtained can then be used to find mixed micellar cmc, cmcRH, of ternary 
systems by Eq. (4.7) 
1 ^ «, 
= la rm _ , (4.7) cmc^ t i ' f'"iCmc. 
In this study, values of binary interaction parameters ^12", P13" and P23"\ 
following Rubingh's method, and cmc's of pure surfactants in case of all the 
surfactant series were used in Eqs.(4.5) and (4.6) to evaluate//'",/}'" / ' " , XT , 
X2"' and Xi"". The calculations were done using Solver in MS Excel. These 
values were then used in Eq. (4.7) to give the predicted cmc of ternary system, 
cmcRH- The micellization parameters thus evaluated are presented in Table 4.4. 
The mole fraction of individual surfactants in the mixed micelle is different 
from their stoichiometric composition. On careftil analysis we observe that one 
whose mole fraction is half or more than half in the mixture, its mole fraction 
in the mixed micelle is always less than that in the mixture and vice versa. The 
cmcRfi values are found to be slightly greater than cjTiCgxn, but both are lower 
than cmcideai (Table 4.1), indicating synergistic nonideal nature of the mixed 
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ternary micellar system. This observation could again be justified on tiie basis 
of peculiar structure of the micelle [22]. The more surface active G4 would 
prefer to lie in the surface and the least surface active G6 in the inner region of 
the mixed micelles. G5 having intermediate surface activity, might find its 
radial position in between 06 and 04. This type of concentration distribution 
increases the stability [22] and hence synergism in the formation of mixed 
micelles. 
Thermodynamic stability of the mixed micelles of ionic Gemini 
surfactants can be calculated in terms of thermodynamic relation, AG°,„= 
2.303RT(3-2g2)\ogcmc, where g2i=' \-gi) is the degree of ionization of the 
Gemini surfactant mixtures measured by the ratio of slopes of K VS [surfactant] 
plots above and below the cmc. The AG"„ values, given in Table 4.3, show that 
formation of all the binaries having same stoichiometry is almost equally 
spontaneous. However, the spontaneity of micellization decreases as the mole 
fraction of the Gemini with smaller spacer group increases. The lower spacer 
Gemini has got comparatively higher charge density and it decreases in the 
mixed micelle with decrease in mole fraction in the mixture. Since majority of 
the surface region is composed of lower spacer Gemini, it will have a profound 
effect on the charge density and hence counter ion binding. The free energy of 
micellization, therefore, decreases with decrease in mole fraction of the lower 
spacer Gemini due to decrease in counter ion binding. 
Counterion binding igi) 
Ionic micelles bind considerable amount of counterions. To form the 
Helmholtz layer to stabilize the self-aggregated surfactant system by way of 
surface charge neufralization and hence lowering in intermolecular repulsion 
potential results in the form of breaks in K- [surfactant] plots. The counterion 
association constants (g/) have been evaluated from the ratio of post and 
premicellar slopes {S2 and Si) of the Ac-[surfactant] profiles [26]. The ratio 
S2/Si=g2 is considered as the fraction of counterions dissociated from the 
micelle so that the fraction bound, g,= (I-g2).This is the simplest method to get 
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a fairly qualitative estimation of an important micellar parameter. The results. 
presented in Tables 4.3 and 4.4 for binary and ternary combinations, show that 
in binary combinations counterion association (g/) increases with the increase 
in the mole fraction of the Gemini with smaller spacer length. Therefore, it is 
clear that micellar morphologies of the Gemini surfactants depends on the 
spacer length. The increase in counter ion association (g/) is attributed to 
decrease in aggregation number followed by decrease in micellar size, which, 
in turn, increases charge density. 
Behavior of surfactant mixtures at air/aqueous solution interface 
Surface excess concentration {F^ax) in molm" at cmc and minimum 
surface area per molecule (/i„,„) in A^ at air/aqueous solution interface for 
individual surfactants and their binary mixtures were calculated from Eqs. (4.8) 
and (4.9) [27] 
r„a:,=-l/2.303nRTldrfcilogc,) (4.8) 
A„^„=\0''/N,r^a.{^') (4.9) 
where ( —) is the maximal slope of y versus log[surfactant] plots, N^ is the 
dlogC, 
Avogadro's constant, n is the number of species whose interfacial 
concentration changes with change in bulk phase concentration of surfactants 
and R and Thave their usual meanings. For the ionic Geminis, the value ofn is 
3 [7]. 
The values of surface tension at cmc,/,„^, ^„„„, A'*f for pure and 
binary and ternary mixtures are presented in Tables 4.3 and 4.4, respectively. 
^^ ^mm' values of Geminis are higher than their conventional homologues. 
The larger A^^ values of G6 might be because of its larger spacer. From 
Tables 4.3 and 4.4 it is clear that A^^ values of all the binaries and ternaries are 
lower than the A';^°', suggesting synergism in the mixed adsorbed monolayer 
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formation. 
The extent of synergism in the mixed monolayer formation in the binary 
systems can be measured in terms of surface interaction parameter, I?, 
calculated by using Rosen equation [27]. The values are presented in Table 4.3. 
The p' values of all the binaries were found always more negative than /T 
values indicating their strong tendency to get adsorbed at air/water interface 
than to form micelles. This might be due to the greater difficulty of 
incorporating two hydrophobic groups of Geminis into a convex micelle and 
bulkiness of hydrophobic and hydrophilic groups relative to adsorption at 
air/water interface [29], where such geometrical constraints are absent. Also, 
hydrophobic interactions between alkyl chains with comparable chain length 
results in more dense packing and hence to increased synergistic interaction at 
interface. 
Another thermodynamic quantity used for the evaluation of synergism 
in mixed monolayer adsorption formation is free energy of a given surface at 
equilibrium, defined as 
G'„in=A„i„ycmcKi (4.10) 
C^ir, is the work needed to make a surface area per mole or the free energy 
change accompanied by the transition from bulk phase to the surface phase of 
the solution components. The lower the value of G^„i„, more 
thermodynamically a surface is formed and more is the surface activity. The 
G'min values, presented in Tables 4.3 and 4.4, indicate the ease of formation of 
mixed monolayers and this easiness enhances as the mole fraction of Gemini 
having lower spacer group increases. 
The Gibbs excess free energy 
To evaluate the synergistic effect on the surface activity resulting from 
the mixing of surfactants, another thermodynamic quantity known as minimum 
excess surface energy, AGg^, is defined as 
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^G,,.R^xrfr^x2"'f2"'. ], (4.i D 
where R , T ,Xi'" fl" Xf zx\Af-P have their usual meanings. A negative value 
of tsGex suggests that mixed micelles are more stable than the micelles of 
individual surfactants. The negative value corresponds to positive synergism as 
to surface activity. In case of binary combinations, the value of AGcx increases 
with increase in the mole fraction of smaller spacer length Gemini, suggesting 
its more surface activity (Table 4.3). 
Thermodynamic stability of the adsorbed monolayer is given in terms of 
standard free energy of adsorption, given as ACfad = ^\in- (^cmJ Tmrn)-, where 
Cfmin is free energy of micellization and Tlcmc the surface pressure near cmc. 
The AG^ arf values thus obtained are presented in Tables 4.3 and 4.4 for the 
binaries and ternaries, respectively. The interfacial parameters, viz. ff and 
AG"^, when compared with micellar parameters, viz. fT and AG„",^ , indicate 
stronger synergetic interaction and thermodynamic stability of mixed 
monolayer formation than in mixed micelle formation, making them better 
candidates for enhancing properties like foaming and wetting. The same is tnie 
for the ternary systems. The variation of/4„,„ as a ftinction of composition of 
surfactant mixtures shows that the A„i„ values decrease with increase in the 
mole fraction of Gemini having small spacer group. This is obvious; however, 
its lower value than ideal ones is attributable to the compression introduced by 
the repulsion between the charged head groups of different Gemini surfactants 
which makes the spacer to loop into the interface. This not only reduces ,^„,„ 
values but also avoids the unfavorable water-spacer contact and explains 
decrease inAG^ with increase in mole fraction of the lower spacer Gemini. 
The less negative deviation of A^in of mixed monolayer of G6+ G5 than the 
other two mixed monolayer systems might be due to the lesser compressing 
tendency of G5 than G4. Among the latter two mixed monolayer systems, it is 
G6+G4 mixed monolayer which is more compact due to more compressible G6 
and compressing G4. 
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Conclusion 
Surfactant mixtures are of considerable interest for numerous applications as 
they perform better than individual components. On mixing surfactants, not 
only the properties of individual components are combined, but in most cases 
synergism is observed in properties like cmc, surface tension, solubilization, 
etc. As Gemini surfactants are known to perform better than their conventional 
homologues, it is expected that their mixtures will perform even much better. 
Following are the main conclusions drawn out of the present study of binary 
and ternary mixtures of Geminis 16-.y-16 (^•=4-6): 
1. The micellar parameters AG*;„, p" values and negative deviation of 
cmcexp from cmc ideal suggest synergism in mixed micelle formation of 
Gemini homologues. 
2. Interfacial parameters ^, AG^ and less value of /i„,/„ than A,„,„"'''"' 
indicate synergism in mixed monolayer formation. However, 
comparison between micellar and interfacial parameters reveals that the 
mixed monolayer formation is more feasible than mixed micelle 
formation, indicating their better surface activity. 
3. The negative deviation from ideality is attributed to concentration 
distribution of Geminis inside the micelles according to their surface 
activity. 
4. Mixed micelle formation by ternary Gemini mixtures has been analyzed 
in light of Rubingh-Holland model. The cmc values are close to 
experimental cmc values than the ideal ones. 
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Chapter - 5 
Solubilization ofPolycyclic Aromatic 
Hydrocarbons in Mixed Micelles of Gemini-
Conventional Surfactants 
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Current interest in surfactants, particularly their application in in situ 
flushing of contaminated aquifers or ex situ washing of contaminated soils, 
stems from the ability of these chemicals to partition hydrophobic organic 
compounds into their micelle core [1]. Polycyclic aromatic hydrocarbons 
(PAHs) are of special interest because they are strongly sorbed to soils or 
sediments [2,3]- As a consequence, remediation of hydrophobic organic 
contamination in soil-water systems is dependent on desorption of the 
contaminant from the soil surface and subsequent incorporation of the pollutant 
into the bulk aqueous phase. Once in the bulk aqueous phase, engineered 
treatment systems may be used to effect remediation. Surfactants may be used 
to incorporate such water insoluble pollutants into the bulk aqueous phase by 
assisting solubilization of sorbed hydrophobic compounds [4]. In addition, 
surfactants have also proved to be potential candidates for improving microbial 
remediation of PAHs in soils by affecting the accessibility of PAHs to 
microorganisms [5]. Surfactant enhanced remediation (SER) has been 
suggested as a promising technology for the removal of sorbed PAHs. It has 
been demonstrated that the solubility of PAHs increases linearly with the 
surfactant concentration above critical micellar concentration, cmc [6] and the 
addition of surfactants to pure cultures of microorganisms can increase the 
extent of PAH metabolism [7]. The amount and type of surfactants applied to 
remediate a site could also influence the fate of other pollutants in surface 
water and ground water [8]. The sorbed surfactants may significantly affect the 
properties of soils/sediments and suspended particles, and thus the fate of 
organic pollutants. Although reports on PAH solubilization by conventional 
single/mixed surfactant systems are abundant [9-13], scanty reports of the same 
in Gemini surfactants are available [14-18]. Moreover, to our knowledge, there 
is no report of solubilization of PAHs in Gemini-conventional surfactant mixed 
systems. The objective of the present work is to investigate the solubilization 
aspects of naphthalene, anthracene and pyrene by single Gemini (G5), 
conventional and mixed G5-conventional surfactant systems. More 
specifically, the focus has been made on the effects of head groups of 
118 
surfactants on solubilization of PAHs and the evaluation of solubilization 
capabilities of equimolar G5-cationic, G5-anionic, and G5-nonionic of the 
above surfactants and their intercomparison. Because the Gemini surfactants 
are considered as better solubilizers than the conventional surfactants (due to 
the low cmcs of the Geminis), the study is aimed to increase the solubilization 
capacity of the latter by mixing them with the former. 
Results and Discussion 
Solubilization capabilities of surfactant solutions towards PAHs 
Water solubility enhancements of PAHs such as naphthalene (NAP), 
anthracene (ANT) and pyrene (PYR) by both smgle as well as equimolar 
binary mixed systems of Gemini G5 with CPC, Brij56 and AOT were 
evaluated and compared (some importeint properties of the PAHs and of binary 
equimolar mixed systems are given in Tables 5.1 and 5.2). The solubility of 
PAHs was greatly enhanced by all the surfactant systems where solubility 
increased with increasing surfactant concentrations above cmc. A measure of 
the effectiveness of a surfactant in solubilizing a given solubilizate is the molar 
solubilization ratio (MSR) equivalent to increase in solubilizate concentration 
per unit increase in micellar surfactant concentration. In presence of excess of 
hydrophobic organic compound, MSR, given by the Eq (5.1) [6]: 
MSR = {[S,]-[Scn,MCr<mc) (5.1) 
is obtained from the slope of the curve that results when solubilizate 
concentration is plotted against surfactant concentration. [St] is the total 
apparent solubility of PAH in single/mixed surfactant solutions at a particular 
total surfactant concentration, C„ above cmc. [Sc„c] is the apparent solubility of 
PAH at cmc taken equal to the water solubility (5^) since it changes very 
slightly upto the cmc of the surfactant. All the concentrations are expressed in 
mol/dm^ The variation of solubilities of NAP, ANT and PYR in single and 
equimolar binary surfactant systems are plotted in Figs. 5.1-5.2. The aqueous 
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solubilities increase linearly over the range of single or mixed surfactant 
concentrations above cmc indicating their solubility enhancement in water. 
This phenomenon is due to solubilization of PAHs v^ithin the single/mixed 
surfactant micelles. The values of MSR calculated from the plots using Eq, 
(5.1) for systems studied herein are given in Table 5.3. 
The effectiveness of solubilization can also be expressed in terms of 
partition coefficient, K^, of PAH between the micelle and aqueous phases and 
defined as, K„= XJXg, the ratio of mole fraction of PAH in micellar phase, X,, 
to that in aqueous phase, Xg. The value of K„ is a function of temperature and 
the nature of surfactant and solubilizate. The value of X„ in terms of MSR can 
be written as X„ = MSR/(\+MSR) while Xa can be expressed as Xa = [^ cmcl^ m^ 
{V„ is the molar volume of water equal to 0.01805 dmVmol at 25 °C). With 
these expressions, K„ becomes [6]: 
K^= MSR/{[S,„c]VM+MSR)} (5.2) 
The Km values of NAP, ANT and PYR for single/mixed systems, calculated 
using Eq (5.2) are presented in Table 5.4. 
Among the single surfactant systems, MSR and Km are found to be in the 
order of CPC>Brij56>G5>AOT for all the PAHs. The order of solubilizing 
power for organic solutes by inner nonpolar core of micelles has been reported 
to be nonionic>cationic>anionic surfactants having same nonpolar chain length 
[15]. Our data also support this finding (nonionic Brij56> cationic G5> anionic 
AOT). It has been reported that cationic Gemini surfactants show higher 
solubilization power than conventional alkyltrimethylammonium cationic 
surfactants of the same chain length [19]. This difference has been attributed to 
more hydrophobic content of Geminis as well as their lower cmc than 
corresponding alkyltrimethylammonium surfactants. However, higher 
solubilization power of CPC than G5 and other conventional surfactants, in the 
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present case, may be due to aromatic ring present in CPC head group having 
delocalized positive charge. This may help the aromatic hydrophobic solutes in 
solubilization due to wide spread interaction of 7r-electrons of the arenes with 
the positive charge. Higher solubilization power of Brij56 than G5 and AOT 
may be due to its larger micellar size helping in more micellar core 
solubilization [20]. AOT, being a negatively charged surfactant, presents least 
MSR and K„ values due to repulsive interaction between the 7r-electrons of 
solutes and negative charge, in addition to possessing less micellar size, 
because of difficulty in packing within the micelles. The MSR and K„ values, in 
general, increase with increase in hydrophobicity of the PAHs 
(PYR>ANT>NAP), in tune with the early findings [6] being positively 
proportional to their octanol-water coefficients (log A^ow)- It is found that \ogKm 
> logAiow, indicating that PAH partition efficiency with the micellar phase is 
superior to that with octanol phase. 
Moroi et al. [21] have demonstrated the evaluation of first stepwise 
association constant, Kj, of a solubilizate incorporated into micelles in case of 
solubilization to which Poisson distribution can be applied. As per this 
formulation, AT/, which serves as interaction parameter between them, is related 
to the total surfactant concentration, C„ total micelle concentration, [Mt], the 
cmc, and aggregation number, A'; of micelles through the equation: 
{{Sx]-[Scn,cmScn,c] = K,/N .{C,-cmc) (5.3) 
The value of Ki/N can be evaluated fi-om the slope of ([5t]-[5cmc]y['5cmc] against 
Cf-cmc plots (Fig. 5.3). The ratio Ki/N which can also be taken as a measure of 
solubilizing power of a micelle shows the same trend as that of MSR and K^ 
values (Table 5.4). 
Solubilities of NAP, ANT and PYR in mixed G5-conventional 
surfactant systems were determined and compared with those in the single 
surfactant systems. The plots of solubilities of NAP, ANT and PYR against 
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total surfactant concentration in G5-Brij56, G5-CPC, and G5-A0T mixed 
surfactant systems are also presented in Fig. 5.1-5.2. It is observed that the 
MSR and K„ values (Table 5.4) of NAP, ANT and PYR in mixed surfactant 
solutions is higher than those in single surfactant solutions except in G5-CPC 
system which shows intermediate values between those of its individual 
surfactants indicating slight mixing effect. However, the order of solubilization 
observed is G5-Brij56>G5-CPC>G5-AOT. This illustrates the potential 
capacity of mixed surfactants to enhance the recovery of pollutants in SER. 
The solubilizing power of G5-mixed surfactants towards NAP, ANT and PYR 
increased with increasing logKow of the PAHs. 
The higher solubilization power of mixed surfactant systems over that of 
single surfactant systems may be due to the large effective solubilization area 
in the mixed micelles than that of single surfactant systems as a result of an 
increase in the radius of the mixed micelles including the electric dipole [22]. 
Substantial increase in MSR when Brij56 is mixed with the G5 indicates 
increased stability of solubilizates in the mixed G5-Brij56 surfactant systems 
relative to pure G5 and G5-CPC surfactant systems. It has been observed [23] 
that, in addition to micellar core solubilization, PAHs are adsorbed at the 
cationic micelle-water interface due to electrostatic interactions between TI-
electrons of arenes and the positive charges. In G5 and G5-CPC systems lower 
values of MSR and K^ can, therefore, be attributed to limited solubilization at 
micelle-water interface and micellar core. In case of nonionics, due to weak 
interaction of oxygen of POEs with n-electrons of arenes, more of micellar core 
solubilization would be prevalent. However, m G5-Brij56 mixed micelles, 
slight positive charge [24] on mixed micelles facilitates micelle-water interface 
adsorption in addition to micellar core solubilization. Consequently, in this 
case, we expect larger values of MSR and K„ than individual surfactants. Thus, 
the incorporation of G5 surfactant into Brij56 micelles facilitates the 
solubilization of arenes due to their additional micelle-water interface 
adsorption.The cmc of Brij56, CPC and AOT decreases sharply in presence of 
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G5 in mixed surfactant systems because of the formation of mixed micelles. 
For example, cmc (in mM) are reduced from 0.051 to 0.011 for Brij56, from 
1.032 to 0.0215 for CPC and from 0.68 to 0.0175 for AOT in solutions 
containing 0.5 mole fraction of G5 surfactant (Table 5.2). As such, the micelle 
concentration in mixed surfactant mixtures increases considerably over that in 
single surfactant systems. Meanwhile, the K„ (or MSB) values in mixed 
surfactant systems may also increase. Although, for G5-Brij56 and G5-AOT 
mixed surfactant solutions an increase in K^ is coupled with a decrease in the 
cmc, for G5-CPC only a decrease in cmc value is noted. This indicates that 
decrease in cmc is not the only criteria for increase in mixed micellar 
solubilization towards PAHs. Hence, K^ and cmc are the two important factors 
influencing the solubilization of mixed surfactant solutions for organic 
compounds. In discussing the mixing effect of surfactants on solubilization for 
NAP, ANT and PYR, the mixing effect on the cmc and K„ must be considered 
simultaneously. The positive mixing effect on the cmc is the embodiment of the 
negative deviation of cmcexp from cmcideai- For the solubilization of NAP, ANT 
and PYR in G5-Brij56 and G5-AOT, both the mixing effect on the cmc (Table 
5.2) and K„ (Table 5.4) are positive, the conjunct effect of which results in the 
greater positive deviation of MSR from ideal mixture determined by the 
deviation ratio (/?) between the experimental MSR, MSRexp, and ideal MSR, 
A/S/?ideai, evaluated according to the equation R = MSRex/MSRideai- Here 
MSRjdeai = ^i MSRiOCi, where MSRt is the experimental MSR value of 
solubilizate in pure rth surfactant whose bulk mole fraction in the mixture is a[. 
A value of R>1 indicates that there is positive mixing effect of mixed 
surfactants on solubilization. Values of/?, presented in Table 5.4 show that for 
each PAH, R is greater than 1 for G5-Brij56 and G5-A0T surfactant mixtures 
indicating that such G5-mixed surfactant systems have positive mixing effect 
on solubilization for PAHs. However, in case of G5-CPC binary system, the 
values of/? for all the PAHs are slightly less than unity indicating their almost 
ideal behavior. Since G5-CPC binary system forms ideal mixed micelles, as 
reflected in their slight negative /T values, no significant gain in solubilizing 
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efficiency is achieved by mixing G5 with CPC. This is in conformity with the 
lower values of Kj/N, MSR and K„. However, G5-Brij56 surfactant carries 
slight positive charge due to incorporation of cationic G5 surfactant into the 
Brij56 micelles. This facilitates micelle-water interface adsorption in addition 
to micellar core solubilization, characteristic of nonionics, resulting in the value 
of R greater than unity. It is pertinent to mention that PAHs may change their 
locus of solubilization with increased surfactant concentration [25]; however, 
such change in locus of solubilization of PAHs within the micelle is reflected 
[26] from the shifts of wavelengths of maximum absorption of P7\Hs with 
increased surfactant concentration. Such shifts indicate the change of locus 
fi-om the corona to core of micelle or vice versa depending on the micropolarity 
of the environment. The solubilizate changes its locus of solubilization only 
when its previous locus gets saturated. In the present systems, since no shifts of 
Xmax of PAHs with increased surfactant concentration were observed, it 
indicates that solubilization occurs only at one site, i.e., either in core or at 
interface. 
To gain still better of the 05 containing mixed surfactants on 
solubilization of PAHs, it is preferable to discuss the mixing effect on 
solubilization based on thermodynamic grounds. On the basis of regular 
solution approximation (RSA), Treiner et al. [27-29] have suggested that the 
partition coefficient of a neutral organic solute between micellar and aqueous 
phases in mixed binary surfactant solutions can be represented by the 
relationship: 
InK„,2=X,'' lnK„, + (l-J^T/^ )//?K„2 + 5Z;^(1-X;^) (5.4) 
where K^,2, K„, and K„2 are the micelle-water partition coefficients of the 
solute in mixed and single surfactant systems, respectively, and Xi'" (X '^") 
represents the micelle mole fraction of surfactant 1(2). B has the same origin as 
^ and has no provision for either solute-solute or solute-solvent interactions 
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except through individual K„ values [29].Thus, for 5 = 0, there would be no 
mixing effect of surfactants on the partitioning of a solute. Also ^ 0 (5<0) 
implies that K„ in mixed surfactant is larger (smaller) than predicted by the 
ideal mixing rule. This treatment, at least, can be viewed as a useful empirical 
method and convenient and pertinent tool for interpretation of experimental 
observations. 
Table 5.4 lists the values of 5 evaluated for the studied equimolar binary 
surfactant mixtures. X/" values were taken from the Rubingh's formulation 
given in Table 5.2 for the respective surfactant systems The values of 5 are 
found to be positive for all the surfactant mixtures. Here, there is no distinct 
relationship between the values of B and y^, because the value of B must 
depend both on surfactant-surfactant and surfactant-solute interactions in the 
mixed micelles. According to the values of B, the mixing effect of G5 with 
Brij56 or AOT on the partitioning of NAP/ANT/PYR is positive (5>1) in G5-
Brij56 and G5-AOT mixed systems and consistent with the positive deviation 
of MSRs from ideal mixture iR>l), which seemingly can be used to interpret 
mixing effect of 05 with Brij56 or AOT on the solubilization of 
NAP/PYR/ANT. Such mixtures yielded large positive values of B in tune with 
large negative values of J^. This shows that stabilization of mixed micelles 
through negative / f values enhances the solubilization capacity of mixed 
surfactants indicated by large B values, in agreement with the results obtained 
in early findings [6]. However, the mixing effect of 05 and CPC on the 
partitioning of NAP/ ANT/ PYR in G5-CPC mixed systems is largely positive 
(large B values), which are contradictory with the slight negative deviation of 
MSRs fi-om ideal mixture (R slightly less than 1). Similar contradictory results 
have also been found in studies involving solubilization of organic compounds 
in mixed surfactant systems [30,31]. Large positive B values in such mixed 
systems are also contradictory to the slight negative ^ value. A thorough 
analysis of such similarly charged mixed surfactant systems shows [29] that 
important structural micellar changes occur upon mixed micelle formation with 
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consequences upon solubilization which depend upon degree of solute 
hydrophobicity. The nature of these changes either leads to large-sized micelles 
or partial demixing, leading to disagreement of B with R and (T values. This 
indicates that B could not be utilized as the sole factor to account for the 
solubilization of PAHs in mixed micelles. The B values become more positive 
with an increase in the Ko^ of PAHs (PYR>ANT>NAP), mdicating that greater 
the hydrophobicity of PAH, the larger is the positive mixing effect of 
surfactants on the partitioning of PAH. 
The standard free energy of solubilization ACJ^^ [32] was negative for all 
systems indicating spontaneous solubilization. 
Theoretical estimation of partition coefficient, KM, by geometric mean 
equation 
Researchers have developed many methods to evaluate and/or predict 
surfactant enhanced solubilization of hydrophobic organic compounds (HOCs). 
Recently a simple method to estimate K^ of hydrocarbons in micellar solutions 
was developed by Liu et al. [33]. The authors assumed that the two liquid 
mixtures, arenes with water and arenes with micelles, are in a typical quasi-
crystalline state (lattice array) and the intermolecular force effectively acts on 
the surface area of nearest neighbor molecules and developed Eq (5.5) to 
predict the surfactant enhanced solubilization of HOCs 
logKM=[^](n,„it ,„J>^(TSA) (5.5) 
In this equation Ku values of HOCs in the dilute solution range are estimated 
from the product of the geometric mean, {n2o ^cmc) '^  of the two surface tension 
reductions (TCcmc is surface pressure at cmc and 7r2o is measure of efficiency of 
adsorption of surfactant at the interface equal to 20mN/m) by the surfactant 
solution and the total molecular surface area of the arenes, TSA. The rationality 
is that the interfacial tension reduction, a macroproperty of the solution, is a 
reflection of a microproperty of the surfactant solution and the TSA is a 
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measure of the hydrophobicity of the arenes. The authors tested the validity of 
the developed equation for different HOCs in various single surfactant systems. 
Good agreement was found between the logA^ M values predicted by geometric 
mean equation and experimental \ogK„ values for nonpolar hydrocarbons. 
However, a significant difference was obtained between the two for polar 
compounds. No report was given to estimate the validity of the equation in 
mixed binary surfactant systems. The endeavor of the present work is to test the 
validity of the geometric mean equation for nonpolar (naphthalene, anthracene, 
pyrene) in mixed surfactant systems containing Gemini surfactant as one of the 
components. The logA^ M values of these arenes predicted using Eq (5.5) are 
listed in Table 5.5, which also lists the KC^C values of different surfactant 
solutions used. It is clear from the Table that the predicted log^M values of 
arenes with Eq (5.5) are almost the same as the experimentally determined 
values. The average absolute difference between the predicted logA^ M^ values 
with Eq (5.5) and the experimental values of these arenes is less than 0.4 log 
units, indicating the developed equation is well valid in mixed binary micellar 
solutions for nonpolar solubilizates. It is concluded that the geometric mean 
equation can be generalized for its application to predict log^ ^M values of the 
arenes in both single as well as mixed surfactant systems. Considering that the 
measurement of ;rcn,c is much easier than the analysis of solubility of 
solubilizates in surfactant solutions, the developed equation may be more 
applicable in practice. Because this is the first time that Eq (5.5) has been used 
to predict micelle-water partition coefficients of solubilizates in mixed binary 
surfactant systems, more research is needed to validate its use, especially for 
predicting the A^M of polar solubilizates. 
Conclusion 
The present study reveals the solubilization capabilities of Gemini (G5) 
and its mixtures with conventional surfactant solutions towards NAP, ANT and 
PYR. The solubilization capacity has been quantified in terms of MSR and 
log^„ values. Good agreement was found between the experimental micelle-
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water partition coefficients and those predicted theoretically, indicating fair 
validity of the geometric mean equation in mixed binary systems. In general, 
anionic surfactant Brij56 showed lesser solubilization capacity while CPC 
showed the highest. In binary combinations of G5 with conventional 
surfactants, solubilization capacity of the pure Gemini was much enhanced 
when mixed with Brij56 than with CPC or AOT. The solubilization capacity 
increased with increase in hydrophobic character of PAHs in all surfactant 
mixtures. Gemini-mixed surfactants promise to improve the performance of 
surfactant enhanced remediation of contaminated sites by decreasing the 
applied surfactant level and thus remediation cost. The study, when used to test 
the validity of the geometric mean equation in Gemini-conventional mixed 
surfactant systems, indicated its fair applicability to calculate micelle-water 
partition coefficient theoretically. 
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Table 5.1: Important properties of PAHs used. 
• • . — 
/ — \ 
~-( ; ••' 
Property Naphtiialene Anthracene Pyrene 
i: A. ...: 
Molecular 128.2 178.2 202.3 
weight 
Solubility 2.44x10"* 2.53 xlO^'' 6.57 xlO^'' 
(mol/dm^) 
logATo/ 3.36 4.54 5.18 
Molar volume 126.9 157.6 161.9 
* lo^ow is octanol-water partition coefficient. 
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Table 5.2: Critical micelle concentration (cmCexp)-: micellar composition (X!"), 
interaction parameter (/f) and activity coefficients (//") of equimolar binary 
surfactant mixtures of G5 (1) + conventional surfactants (2) at 25 °C*. 
m //• m Surfactant cmc (lit) f^^^, '""'7^,, ^ XriX^ fr/f2 
System (mM) ^^^^^^ (c;wC(rf,a/)(mM) ^ > 2 ji .12 
G5 0.031(0.036)" G5-Brij56 0.0110(0.0181) ^l55 0.661/ 0.701/ 
0.340 0.322 
Brij56 0.051(0.040)" G5-CPC 0.0215(0.0218) -0.80 0.972/ 0.991/ 
0.031 0.461 
CPC 1.032(1.064)' G5-A0T 0.0175(0.0216) -3.33 0.841/ 0.930/ 
0.156 0.080 
AOT 0.680(0.640)'* 
*Error limits of cmcexp^X/" 0" and fj are ±4%. 
'S. De, V. K. Aswal, P. S. Goyal, S. Bhattacharya, J. Phys. Chem., 100 (1996) 
11664. 
" J. E. Carless, R. A. Challis, B. A. Mulley, J. Colloid ScL, 19 (1964) 201. 
' M. S. Bakshi, J. Chem. Soc, Faraday Trans., 93 (1997) 4005. 
' 'A . Mohammad, S. Hena, Chromatography 25 (2004) 111. 
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Table 5. 3: Comparison of molar solubilization ratios of PAHs. 
Surfactant system 
G5 
Brij56 
CPC 
AOT 
G5-Brij56 
G5-CPC 
G5-A0T 
Naphthalene 
0.0046 
0.0047 
0.0264 
0.0015 
0.0172 
0.0105 
0.0038 
MSR 
Anthracene 
0.009 
0.010 
0.015 
0.002 
0.019 
0.012 
0.011 
Pyrene 
0.030 
0.055 
0.082 
0.004 
0.096 
0.043 
0.035 
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Table 5.5: Estimated (logA^ 'M) and predicted (logA^ 'm) partition coefficients of 
naphthalene, anthracene and pyrene in different micellar media with their 
surface tension reductions. 
Surfactant 
G5 
Brij56 
CPC 
AOT 
G5-Brij56 
G5-CPC 
G5-A0T 
TTcmcCeXp) 
(ergcm"^) 
35 
39 
41 
33 
43 
38 
36 
Naphthalene 
logA^ M 
4.35 
4.59 
4.69 
4.79 
4.51 
6.27 
4.44 
log/^m 
3.09 
3.03 
3.77 
2.54 
3.32 
3.14 
3.10 
Anthracene 
log/^ M 
5.65 
5.96 
6.11 
5.48 
6.26 
5.88 
5.73 
logA^ m 
6.03 
6.08 
6.26 
5.36 
6.36 
6.14 
6.09 
Pyrene 
logKu 
5.96 
6.29 
6.45 
5.79 
6.61 
6.21 
6.04 
log/iCn, 
6.39 
6.64 
6.81 
5.56 
6.86 
6.54 
6.45 
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Fig. 5.1: Variation of solubility of naphthalene, anthracene, pyrene with total 
surfactant concentration (Ct) of single surfactant systems. 
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Fig. 5.2: Variation of solubility of naphthalene, anthracene and pyrene with 
total surfactant concentration ( Q of single and binary surfactant 
combinations. 
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Fig. 5.3: Plots of ([5tl-['S'w])/['S'w] of anthracene and pyrene against surfactant 
concentration in micellar form [Crcmc] of single surfactant systems. 
